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ABSTRACT 
A s  r e p o r t e d  i n  NASACR 91684, it is  poss ib l e  to  induce  subs t an t i a l  
magnetic forces i n  f e r r o f l u i d s .  These are stable micro-dispersions formed 
by grinding a ferromagnetic powder in  the  p re sence  of a su r fac t an t  
so lu t ion .  Novel  hydrocarbon base ferrof luids  with increased magnet izat ion 
(850 gauss a t  10 oe) and improved thermal stabil i ty (50OoF i n  a sealed 
vesse l )  have been prepared. Water, fluorocarbon and non-volati le ester 
base  f e r ro f lu ids  have a l s o  been synthesized. 
4 
Physical  propert ies  of  numerous magnetite base f e r r o f l u i d s  were 
measured. For these sys t ems  the  pa r t i c l e  s i ze  i s  less than 150 8. Magnetic 
properties can be accounted for by superparamagnetic theory and p a r t i c l e  
concentration. The maximum at ta inable  concentrat ion of  par t ic les  var ies  
as a function of 6 /D, t h e  r a t i o  of t he  s t ab i l i z ingo laye r  t h i ckness  to  
the   pa r t i c l e   d i ame te r .  A minimum value  of 6 = 30 A was observed.  Ferro- 
f l u i d  v i s c o s i t y  i n c r e a s e s  a s  a function of carrier l i q u i d  v i s c o s i t y ,  p a r t i c l e  
concentration and S/D.  The dimensionless   ra t io  of t h e  v i s c o s i t y  of a 
f e r r o f l u i d  i n  a magnetic f i e ld  t o  i t s  v i scos i ty  i n  a zero f ie ld  i s  a 
function of 7 7 0  , t h e  r a t i o  of  hydrodynamic s t r e s s  t o  magnetic  stress,  
and of 6 /D. 
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SUMMARY 
In  the  absence  of a t rue ferromagnet ic  f luid,  magnet ic  body and 
surface forces  of s u b s t a n t i a l  magnitude can be induced i n  a l i q u i d  by 
stably suspending sub-domain ferromagnet ic  par t ic les  in  this  l iquid.  The 
assoc ia t ion  be tween the  co l lo ida l  par t ic les  and t h e  c a r r i e r  l i q u i d  i s  
such  tha t  there  i s  no bulk separation of the solid and l iquid phases even 
i n  the presence of an applied magnetic f ield.  Papell  of NASA Lewis 
Research Center (ref.  1) or ig ina l ly  dfscovered  tha t  gr inding  a coarse 
magnetite powder in  the  presence  of  a hep tane  so lu t ion  o f  o l e i c  ac id  in  a 
ba l l  m i l l  r e su l t ed  in  the  fo rma t ion  of a s table  magnet ic  col loid.  Since 
t h a t  time, there has been an a c t i v e  i n t e r e s t  i n  f e r r o f l u i d s  a s  t h e s e  magnet- 
ica l ly  respons ive  d ispers ions  are ca l led .  Much of  the basic  research work 
has been performed a t  Avco under the auspices of NASA/OART. As  r epor t ed  in  
a prev ious  cont rac tor ' s  repor t ,  the  synthes is  of ferrof luids  by gr inding 
and the i r  p rope r t i e s  was s t u d i e d   i n  some d e t a i l  and a general theory of 
ferrohydrodynamic  flow was pos tu la ted  ( re f .  7 ) .  This  report  descr ibes  
fu r the r  work tha t  has  r e su l t ed  in  the  p repa ra t ion  o f  f e r ro f lu ids  of 
improved phys ica l  p roper t ies .  
The synthesis  of magnet ical ly  responsive col loidal  dispers ions (ferro-  
f lu ids )  by  wet g r i n d i n g  i n  ba l l  mills w a s  fu r the r  examined. Sixty experi-  
mental  grinding runs were performed during the course of the program. The 
ef fec t  o f  the  fo l lowing  parameters on the formation of a f e r r o f l u i d  were 
examined: t he  compositon  of a magnet ic  sol id ,  the nature  of  the carr ier  
l i qu id ,  s t ab i l i z ing  agen t  s t ruc tu re  and concentration and equipment 
va r i ab le s ,  
Dispersed magnetite ferrofluids were prepared i n  a widely varying 
ca r r i e r  f l u id  such  as aliphatic hydrocarbons (kerosene), fluorocarbons 
(Freon E-3 and Krytox o i l s ) ,  water, ethylene glycol, glycerol and esters 
(d inonyl   ph tha la te ) .  
The effect iveness  of  a sur fac tan t  on the formation of a f e r r o f l u i d  
depends both on the nature  of  the polar  group which in t e rac t s  w i th  the  
pa r t i c l e  su r face  and on the  s t ruc tu re  o f  the balance of the molecule which 
interacts with the solvent.  In hydrocarbon systems, for the surfactants 
whose- s t ruc tu re  was  w e l l  defined, carboxylic acid and hydroxyl terminated 
sur fac tan ts  resu l ted  in  the  format ion  of  a f e r r o f l u i d .  Amine terminated 
systems had l i t t l e  e f f e c t .  O f  the carboxylic acid and hydroxyl surf - 
actants ,  only those molecules  that  contained one or(;two double bonds 001" a 
benzene r i n g   i n   t h e   s t r u c t u r e  and were a t  least 18 A long  resu l ted  i n  
ferrof luid formation.  
The maximum size of  the suspended par t ic les  depended on the  na ture  
of the surfactant  used.  The t h i c k e r  t h e  s t a b i l i z i n g  l a y e r  formed  by t h e  
I 
s u r f a c t a n t  i n  t h e  c a r r i e r  l i q u i d ,  t h e  l a r g e r  was  t h e  s i z e  of t h e  r e s u l t i n g  
p a r t i c l e s  at t h e  end of the gr ind.  
Prolonged grinding of the magnetic metals with a higher domain 
magnetization than magnetite did not  resu l t  in  the  format ion  of a stable 
f e r ro f lu id ,  even though the re  was evidence of subs t an t i a l  s i ze  r educ t ion .  
The successful grinding operations produced a r a w  material that  could 
be s u b j e c t e d  t o  any of a number of  modif icat ion s teps  to  produce a wide 
va r i e ty  of f e r ro f lu ids  wi th  t a i lo red  p rope r t i e s .  
Pa r t i c l e  s i ze  d i s t r ibu t ion  cou ld  be a l t e r e d  by high speed centrifu- 
gation and  magnetic  concentration.  Magnetic  concentration i s  appl icable 'only 
t o  ferromagnetic suspensions and takes advantage of the increased magnetic 
response for superparamagnetic particles of  l a r g e r  s i z e .  P a r t i c l e  concen- 
t ra t ion  could  be increased by vacuum evaporation. Additional or a l t e r n a t e  
c a r r i e r   f l u i d  or surfactant  could also be added t o   f u r t h e r  modify t h e  
suspensions. 
A number of  novel  ferrof luids  were produced during t h e  present program. 
These include : 
i. Fluids of increased  magnetization - By combining 
centr i fuging and magnetic separation techniques, 
t h e  magnetization of a 100 cp kerosene base fe r ro -  
f l u i d  was increased from 600 gauss t o  735 gauss, 
which represents  an  increase of over 20%. Fluids  
with a magnetization of 850 gauss were also obtained;  
these  had v i scos i t i e s  o f6600  cp. 
ii. Fluids  with improved s t a b i l i t y  c h a r a c t e r i s t i c s  - A 
kerosene base f e r r o f l u i d   s t a b i l i z e d  by EPJJAY 3854, 
a polybutene surfactant, proved t o  have much i m -  
proved  thermal  properties.  Samples  of t h i s  f e r r o -  
f l u i d   i n  sealed ampoules survived prolonged exposure 
a t  260% and lower temperatures without any measur- 
able e f f e c t  on the  p rope r t i e s  of the suspension, but 
separa ted  in to  two phases when hea ted  to  3 1 5 O C  f o r  
24 hours. A l l  o the r  f e r ro f lu ids  t e s t ed  were severely 
affected by exposure to- temperatures greater than 
15 0%. 
iii. Flu ids  wi th  d i f fe ren t  car r ie rs  - Ferrofluids prepared w i t h  
water and fluorocarbon as the ca r r i e r  l i qu id  have  
d i f fe ren t  phys ica l  p roper t ies  than  t h e  hydrocarbon 
fe r rof lu ids  prepared  in  the  pas t .  In  par t icu lar ,  
the immiscibil i ty of f luorocarbons with both o i l  
and water systems should make t h e  f e r r o f l u i d s  
prepared i n  Freon E-3 and Krytox oi ls  extremely 
valuable. 
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iv. Fluids of low v o l a t i l i t y  - Stab i l i za t ion  o f  a 
suspension i n  dinonyl  phthalate  with Tri ton X 4 5  
surfactant,  an octyl phenol ethoxy adduct,  and 
i n  Krytox AC f luorocarbon oi l  with a high 
molecular weight fluorocarbon surfactant, has 
r e s u l t e d   i n   f e r r o f l u i d s  of unusually low vapor 
pressure  which have been exposed t o   t h e  atmosphere 
a t  room temperature for extremely long periods 
of  t ime without  the r isk of f luid evaporat ion.  
The magnet ic  propert ies  of  the ferrof luids  can be correlated by super-  
paramagnet ic  theory in  terms of t h e  s i z e  d i s t r i b u t i o n  of t h e  suspended 
p a r t i c l e s  as obtained by electron microscopy, the domain sa tu ra t ion  of t h e  
p a r t i c l e s  and t h e i r  volume concentration. 
The flow properties of t h e  f e r r o f l u i d s ,  i n  t h e  absence of an applied 
magnet ic  f ie ld  and  in te rpar t icu la te  in te rac t ion ,  are s o l e l y  a function of 
t h e  volume concentration of the  so lva ted  pa r t i c l e s  C?d of the vriscosity of 
t h e  c a r r i e r  f l u i d .  The v i s c o s i t y  as a function of appl ied magnet ic  f ie ld  
was measured f o r  d i f f e r e n t  f e r r o f l u i d s .  By using dimensional analysis,  a 
c o r r e l a t i o n   f o r  H, f l u i d  v i s c o s i t y  i n  an   appl ied   f ie ld ,  was obta ined   in  
terms of t h e  r a t i o  ( H/ II s )  as a function of t h e  r a t i o s  y'Io/MH and 6 / D ,  
assuming no p a r t i c l e  i n t e r a c t i o n .  I n  t h e  above, 
v 0  = Carr ie r  l iqu id  v iscos i ty ,  po ise  
q s = Fer ro f lu id  v i scos i ty  in  the  absence  of a magnetic f i e ld ,  po i se  
D = Part ic le   diameter ,  ern 
6 = Thickness of s t ab i l i z ing  f i lm  a round  a -pa r t i c l e ,  ern 
Y = Shear   ra te ,   sec- l  
M = Magnetization  of  fluid,  gauss 
H = Applied  magnetic  f ield,  oe 
7 V o / M H  i s  t h e  r a t i o  of  hydrodynamic s t r e s s  t o  magnetic stress. When 
Y ' Io>> MH, viscosity of the magnetic suspension i s  independent of 6/D 
and ( VH/ 1 s ) - c l .  When Y 77 .<< MH, viscosi ty   of   the   suspension i s  
again  independent  of 6/D, but now ( rl H/ 9 s)- 4. For  intermediate 
values  of Y V 0 / M H ,  t h e   r a t i o  1 H/ rl becomes a function of d / D  and i s  
dependent on shear rate and  magnetic f i e l d .  T y p i c a l l  f o r  a value  of 
6 /D = 0.35, t h e   t r a n s i t i o n  i s  characterized  by y V0/MH _< 10-5. 
INTRODUCTION 
It has been found that stable suspensions of very finely divided 
magnet ic  sol ids  exhibi t  very unusual  f luid mechanical  propert ies  in  the 
presence of an applied magnetic field. A t  the  present  no t r u e  f e r r o -  
magnetic f l u i d  i s  phys ica l ly  known even though i t s  exis tence i s  theor-  
e t i ca l ly  poss ib l e .  The magnet ic  l iquids  that  are the focus of  these 
s tud ies  are stable micro-dispersions of sub-domain magne t i c  pa r t i c l e s  i n  
a c a r r i e r  l i q u i d .  The assoc ia t ion  be tween the  co l lo ida l  par t ic les  and t h e  
c a r r i e r  l i q u i d  i n  which they  are suspended is such that  there  i s  no bulk 
separa t ion  of  the  so l id  and l iquid phases  even in  the presence of  an 
applied  magnetic  f ield.  The f e r ro f lu ids ,  as these  micro-dispers ions  are  
ca l led ,  a re  the  only  l iqu id  media known t o d a y  i n  which it  i s  poss ib le  
t o  induce substantial magnetic body forces .  
Ferrofluid technology is  s t i l l  i n  i t s  infancy. The i n i t i a l  work  done 
by Papell of t h e  NASA Lewis Research Center on di lute  magnet ic  dispers ions 
i n  hydrocarbons was publ i shed  in  1963 (ref .  1). This i s  t h e  same time 
t h a t  E.L. Resler,  Jr. of Cornell  University and R.E. Rosensweig of Avco 
became i n t e r e s t e d  i n  a f e r romagne t i ca l ly  r e spons ive  l i qu id  in  o rde r  t o  
develop an efficient magnetocaloric energy conversion cycle. Since then, 
a cont inuous and increasing effor t  has  been devoted to  the s tudy of  the 
f i e l d  of ferrohydrodynamics at Avco. 
I n i t i a l l y   i n  1965, only a very weak o le ic  ac id  s tab i l ized  d ispers ion  
of magnetite i n  kerosene was  ava i lab le .  The saturation magnetization of 
t h i s  f l u i d  was l e s s  t han  100 gauss. Today, f lu ids  wi th  a magnetization 
saturation approaching 1000 gauss are ava i lab le  wi th  f lu ids  of  about twice 
this  magnet izat ion considered feasible .  The l imi t a t ions  of kerosene  base 
systems are obvious. Magnetic dispersions have since been prepared i n  
many other media  such as water, glycerol, some s i l i c o n e  o i l s ,  e s t e r s ,  e t c .  
It i s  hoped t o  extend t h i s  l i s t  even more s ince  most appl ica t ions  which 
use ferrofluids place unique requirements on the combination of the other 
phys ica l  p roper t ies  of  the  f lu id  tha t  i s  being used. 
Concurrently with fluid development, and with the availability of 
a magnetic fluid, a number of physical phenomena have been discovered 
and  observed fo r  t he  f irst  time. The i n i t i a l  d i s c o v e r y  was the  pos i t ion ing  
of a magnetic f lu id  in  space  wi th  a magnetic f i e l d  by Papell ( ref .  2 ) .  
Avco discovered subsequent phenomena such as  the buoyancy of non-magnetic 
and magnetic objects i n  a f e r r o f l u i d  ( ref .  3 ) ,  the magnetocaloric power 
cycle (ref. b ) ,  the formation of "liquid spikes", spontaneously formed 
i n s t a b i l i t i e s  of a magnetic f l u i d  i n t e r f a c e  i n  t h e  presence of a normally 
app l i ed  f i e ld  (ref.  5 ), and the  ro t a t ion  of the fluid induced by time 
varying magnetic fields (ref.  6 ) .  
The theory underlying the field of ferrohydrodynamics was developed 
and advanced by Avco i n   o r d e r   t o   o b t a i n  a better understanding of the 
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observed physical phenomena. I n i t i a l l y ,  it was found t h a t  a modified 
Bernoulli  equation could take into account  the effects  of  magnet ic  body 
fo rces  ( ref .  3).  With the discovery of  " l iquid spikes" ,  which could not 
then be explained, a more exac t  t enso r i a l  ana lys i s  was developed which was 
able t o  account f o r   t h i s  phenomenon as w e l l  as the  o ther  d i scover ies  
made (ref. 6 ) .  
The bas i c  r e sea rch  and development on f l u i d s  h a s  led t o  a number of 
p r a c t i c a l  u s e s  and inventions i n  a wide v a r i e t y  of fields. These include the 
pos i t i on ing  of rocket motor fuel i n  a zero "g" environment, novel pumps 
and other energy conversion devices, viscous dampers for  grav i ty  grad ien t  
satellites, accelerometers,  instrument support  bearings,  specific gravity 
analyzers,  seals, e t c .  F e r r o f l u i d s  are a l s o  f i n d i n g  u t i l i z a t i o n  i n  t h e  
med ica l  f i e ld  as a method o f  s ea l ing  c ran ia l  aneurysms, t r anspor t ing  a 
l i q u i d   w i t h i n   t h e  body without  recourse to  surgery and as a d r iv ing  medium 
f o r  a unique heart  assist pump. 
A previous report ,  ( re f ,  7)  documents t he  syn thes i s  and propert ies  of  
ferrof luids  prepared by gr inding and the  d i scove r i e s  of  t h e  phenomena of 
buoyant l e v i t a t i o n  and the formation of "l iquid spikes".  The grinding 
mechanism w a s  s t u d i e d  i n  some d e t a i l   i n   o r d e r   t o   o b t a i n  a better understand- 
i n g  of d i s p e r s i o n s  i n  non-aqueous media. Theore t ica l  s tud ies  lead ing  to  
a generalized theory of ferrohydrodynamic flow which took into account  the 
formation of "l iquid spikes" were also presented in t h i s  r epor t .  
The 
program. 
1. 
2. 
3. 
4. 
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The 
present  report  discusses  resul ts  obtained under  a continuation 
The pr incipal  goals  of  this  phase of  the s tudy were t o :  
Improve the magnet ic  propert ies  of t h e  f e r r o f l u i d s ,  
Prepare  samples  for  tes t ing  of  f lu ids  in  a va r i e ty  
of c a r r i e r  l i q u i d s ,  
Improve t h e  thermal s t a b i l i t y  of t h e  f e r r o f l u i d s ,  
Measure the  p r inc ipa l  phys i ca l  p rope r t i e s  of t h e  
sample f e r r o f l u i d s ,  
Correlate  the experimental  resul ts  and observations 
i n  terms of physico-mathematical models. 
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PREPARATION OF  FERROFLUIDS 
Stabi l i ty  Considerat ions 
Before describing t h e  method of  prepara t ion  of  the  fe r rof lu ids ,  it i s  
use fu l  t o  rev iew the  fac tors  whlch cont ro l  t h e  s t a b i l i t y  of f e r ro f lu ids  
and the requirements  these s tabi l i ty  considerat ions place on t h e  s t r u c t u r e  
of a f e r r o f l u i d .  A detailed d iscuss ion  of  par t ic le  in te rac t ions  and 
system stabi l i ty  has  been publ ished ( ref .  8) .  
In  addi t ion  to  the  energy  assoc ia ted  wi th  London forces  of  in te r -  
p a r t i c l e  a t t r a c t i o n ,  EL, which e x i s t  i n  any co l lo ida l  sys tem,  in  a f e r ro -  
f l u i d  t h e r e  i s  an addi t ional  energy due magnetic force of attraction, EM, 
between t h e  sub-domain par t ic les  in  suspens ion .  Both these forces vary 
with increasing par t ic le  diameter ,  
where 
h = 2  
b = cen te r  t o  d i s t ance  between t h e  
D, and re la t ive  sur face  separa t ion ,  h,  
(; - 1) 
p a r t i c l e s .  
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In  order  to  prevent  agglomera t ion  of  par t ic les  as a r e s u l t  of these  
fo rces ,  t he  pa r t i c l e s  are made small enough so t h a t  a t  large values  of h, 
thermal motion of the particles i s  l a r g e  i n  comparison t o  + EL and a t  
t h e  same time, t h e  p a r t i c l e s  are coated with a s t a b i l i z i n g  f i l m  of thick- 
ness, 6 , which es tab l i shed  a contact  value  of h = 4 6 . Any fu r the r  
approach of the two p a r t i c l e s  i s  hindered by a mechanism of entropic  
repulsion, ER, which takes into consideration the energy necessary to have 
inter-penetrat ion of  two molecular films. A c r i t e r i o n  for s t a b i l i t y  i s  
that the curve of potential-energy versus distance-of-separation for two 
p a r t i c l e s  must have a maximum considerably greater than kT and no p o t e n t i a l  
wells deeper than kT. This can be expressed as follows: 
D 
For 0. 5 h 5 4 8 /D, t he re  must exist a m a x i m u m  
For h > 4 a / D ,  ER = 0 and s t a b i l i t y  r e q u i r e s  t h a t  
IEM Ed < I  
kT 
(absence of deep 
po ten t i a l   we l l )  (3)  
Condition (3) imp l i e s  t ha t  t he  to t a l  ene rgy  of a t t r a c t i o n  between 
two tangent  so lva ted  par t ic les  i s  l e s s  t han  t h e  energy associated with 
thermal motion. Since EM and EL decrease with distance of separat ion,  the 
most severe  condi t ion  in  th i s  case  ex is t s  when h = 4 6 /D. A t  t h i s  va lue  
of h, the following equations are obtained for  EM and E L ( r e f .  8 ) :  
D 
1 + 1 - 2 1 n  D 
L 
The term A i s  a d imens iona l  quant i ty  re la ted  to  an  opt ica l  d i spers  
frequency whose numerical  magnitude  has  been  found t o  be about 10- erg 
f o r  many disperse oxide systems ( ref .  9 ) .  
B n  
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In  F igure  1, the'  function, z, where 
for  magnetite  spheres i s  l o t t e d  as a function  of 6 and D. I n  t h i s  case, 
Q = 5660 gauss, A = 10-1 3 ergs (assumed) and kT = 4.15 x 10-14 ergs.  By 
(3), the  value of z = 1 i s  taken as representat ive of  the  value t h a t  
separates  stable from unstable systems. When z > 1, it i s  poss ib l e  fo r  
the p a r t i c l e s  t o  a s s o c i a t e  i n t o  c h a i n s  and form a gel .  
This  f igure shows the  re la t ive  inf luence  of  EL and EM.  EL i s  a f'unction 
of 6 /D whereas is  a f'unction  of D as w e l l .  The f la t  regions  of 
t h e  curves for values of D < 40 8 correspond t o  dominat ion of  the at t ract ive 
by EL (EL > EM). The sharj? i n c r e a s e  i n  z f o r  D > 40 8 corresponds t o  
the domination of magnet ic  a t t ract ive forces  (EM > EL). 
This p l o t  a l s o  shows t h a t  there i s  a minimum value of 6 /D needed 
because of EL requirements. This value i s  somewhat la rger  than  0.1. 
It a l s o  shows t h a t  as t h e  p a r t i c l e  s i z e  i n c r e a s e s ,  the r equ i r ed  r a t io  6 /D 
has t o  incl-ease disproport ionately to  compensate f o r  EM.- The values of 
MM correspond t o  t h e  saturat ion magnet izat ion thak would be obta ined  in  a 
hexagonally close packed system of solvated spheres for the  d i f f e r e n t  
values O-T 8 /D. 
Similar curves can be drawn for other  magnet ic  sol ids .  The curves for  
i r o n  (Q = 20,000 gauss) are shown in  F igu re  2. The same general  be- 
havior i s  noted except t h a t  EM predominates a t  much smaller values of D. 
The s i z e  of the  p a r t i c l e s  t h a t  a r e  s tabi l ized f o r  a given value of S /D 
are smaller by about a f a c t o r  of two. Magnetically stronger fluids are 
theo re t i ca l ly   poss ib l e  wi th  i ron than wi th  magnetite because of higher 
domain magnetization, but the required particle i s  much smaller .  
For a given magnetic material, t h e  l imit ing value of  MM i s  defined by 
the  r a t i o  8 /D at  a value of z = 1. Empirically, it appears as though 
t h e  minimum at ta inable   value  of  6 N 20 8 (ref. 8).  With t h i s  value  of 
from Figure 1 it appears as though magnetite base f lu ids  could  theore t ica l ly  
a t t a i n  a saturation magnetization of about 1500 gauss and iron base f l u i d s  
of about 3000 gauss. 
The above values bound the  goals of the experimental program described 
i n  subsequent sections. 
Synthesis  of  Ferrof luids  
Introduct ion.  - Ferrof lu ids  are prepared by Avco by prolonged w e t  
grinding. 
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Figure 1 POTENTIAL ENERGY OF TANGENT SOLVATED SPHERICAL MAGNETITE 
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The grinding experiments consist i n   p l a c i n g  a mixture of magnetic 
powder, c a r r i e r  l i q u i d  and sur face  ac t ive  agent  in  a b a l l  %ill h a l f - f i l l e d  
with steel  balls. The grinding equipment used and the standard composition 
of the charges are l isted i n  Table 1. The m i l l  i s  then  ro t a t ed  ax ia l ly  
for an extended period of t i m e .  Per iodical ly ,  the contents  of  a m i l l  a r e  
examined. The sample i s  centrifuged and the  densi ty ,  p , and  magnetiz- 
a t ion  in  bo th  h igh  and low appl ied  f ie lds ,  ML and MH, of the supernatant 
l i q u i d  i s  measured. The dens i ty  and high f ie ld  magnet izat ion are indices  
of the volumetr ic  concentrat ion of magnet ic  so l id  par t ic les  in  suspens ion  
w h i l e  t h e  r a t i o  ML/M~ i s  an  index  of  the  s ize  of  the  par t ic les  in  suspens ion  
(see magnet ic  propert ies  sect ion) .  These experiments have been previously 
described i n  d e t a i l  (ref. 7). The only addi t ional  information that  was 
obtained during this phase of t h e  program was t h e   r a t i o  ML/MH. 
B a l l  Mill 
Capacity 
2.0 p i n t  
4.7 p i n t  
1.6/2.0 gal.  
3.0 gal .  
27 gal .  
Ba l l  Load = 5( 
~- . 
Carrier 
Liquid, cc 
300 
625 
1250 
3750 
27000 
Surfactant,  
cc 
30 
50 
100 
300 
2200 
Magnetic 
Powder, cc 
10 
20 
40 
120 
880 
Over s ixty gr inding runs were ini t ia ted during the course of  the 
program. The major  emphasis  of the  s tudy  was  on f ind ing  sur fac tan t /  
solvent combinations that would r e su l t  i n  f e r ro f lu ids  wi th  nove l  p rope r t i e s .  
This included the preparation of water base,  f luorocarbon base as w e l l  a s  
improved  hydrocarbon base f e r r o f l u i d s .  Attempts  were a l s o  made to  g r ind  
magnetic metal powders i n   t h e  hope of developing stronger magnetic fluids. 
General Results. - It is  the grinding experiment that determines 
whether a stable f e r r o f l u i d  i s  formed. An unsuccessful grinding run i s  
character ized by separat ion of  the sol id  and l i qu id  phases  in  a gravi- 
t a t i o n a l  or magnetic f i e l d  or by the formation of an intractable gel 
that  cannot be broken by further addition of e i ther  so lvent  or sur fac tan t .  
A successful  gr inding run r e s u l t s   i n   t h e   f o r m a t i o n  of a dispers ion of magnetic 
p a r t i c l e s  t h a t  i s  indef in i te ly  s tab le  under  the  inf luence  of  grav i ty  or 
magnetic f i e l d  gradients. There i s  no separat ion of  the sol id  phase from 
t h e  c a r r i e r  l i q u i d .  
'There i s  a progressive increase in  densi ty  and high f i e l d  magnetiza- 
t i o n  of t he  f lu id  wi th  time. These are both functions of the volumetric 
concentration of colloidal magnetite in suspension. As  d i scussed  in  a 
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where Z i s  the  f rac t iona l  convers ion  of  co l lo ida l  in  the  sys tem at  time 
t, and K1, a c h a r a c t e r i s t i c  rate constant  for  the system. 
The above i s  an  expres s ion  fo r  t he  to t a l  f r ac t ion  of material below 
a c e r t a i n  a r b i t r a r y  s i z e ,  De, as a function of t ime without actually 
c o n s i d e r i n g  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  below the arb i t ra ry  d iameter .  
The va lue  of  the  ra t io  of t h e  low f i e l d  magnet izat ion to  t h e  high f i e l d  
magnetization, ML/MH i s  a measure of  the s ize  dis t r ibut ion of  t h e  
p a r t i c l e s  of diameter D < De. It was found t h a t  t h e  r a t ion ,  ML/MH was  
invar ian t  wi th  time during a grinding operation. 
This  f ind ing  i s  i n  accord with t h e  cascade mechanism o r i g i n a l l y  
proposed for  the  format ion  of  co l lo ida l  par t ic les  xrhich suggested t h a t  t h e  
co l lo ida l  pa r t i c l e s  de t ec t ed  were formed by a t t r i t i o n  of an intermediate 
s i zed  pa ren t  pa r t i c l e .  It sugges ts  tha t  the  co l lo id  producing  par t ic les  
break down i n  a c h a r a c t e r i s t i c  manner which gives b i r t h  t o  d a u g h t e r  
p a r t i c l e s  i n  t h e  col loidal  range with a f i x e d  p a r t i c l e  d i s t r i b u t i o n .  T h i s  
f i nd ing  a l so  imp l i e s  t ha t  once t h e  p a r t i c l e s  a r e  i n  s u s p e n s i o n  t h e y  a r e  
no longer  affected by the  gr inding  ac t ion  of  the  balls. The s i z e  
d i s t r i b u t i o n  i s  determined not by the length of time of the grind but i s  
pre-ordained by the composi t ion of  the gr inding mixture ,  the carr ier  
l i qu id ,  s t ab i l i z ing  agen t  and magnetic powder. 
The spec i f i c  r e su l t s  ob ta ined  fo r  t h e  various grinding runs performed 
are  discussed in  subsequent  sect ions in  the fol lowing order :  
1) Preparat ion  of   ferrof luids  rin o t h e r   c a r r i e r   l i q u i d s  
than hydrocarbons, 
2 )  Preparat ion of  ferrof luids  with magnet ic  sol ids  that  
have a higher  saturat ion magnet izat ion than magnet i te ,  
3) Preparation  of  improved  hydrocarbon base f e r r o f l u i d s  
with novel  s tabi l iz ing agents ,  
4 )  Process studies with hydrocarbon base f e r r o f l u i d s .  
Post-Grinding Modification of the Ferrofluids 
Given a certain suspension, modification involves operations which 
alter the  s i ze  d i s t r ibu t ion ,  concen t r a t ion  and r a t i o  t o  o t h e r  c o n s t i t u e n t s ,  
of t h e  suspended p a r t i c l e s  as w e l l  as t h e  nature of the suspending medium. 
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A standard operation performed on a fe r rof lu id  subsequent  to  gr inding  
after a successful  run was cen t r i fuga t ion  a t  17000 g f o r  10 minutes t o  
remove oversized par t ic les  nominal ly  larger  than 350 8. This  bas ic  r a w  
material could be modified a number of ways: a l t e r ing  the  concen t r a t ion  
of the magnetic s o l  by  d i lu t ion  or vacuum evaporation, f locculation/re- 
d i spers ion  or solvent exchange t o  a l ter  the  ca r r i e r  so lven t ,  ex t ens ive  
cen t r i fuga t ion  or magnet ic  gradient  diffusion to  alter t h e   p a r t i c l e   s i z e  
d i s t r i b u t i o n ,  e t c .  Except f o r  t h e  last named operation, a l l  these  methods 
were already described. 
Magnetic gradient diffusion method i s  of s p e c i a l  i n t e r e s t  s i n c e  i t  
i s  on ly  app l i cab le  to  f e r ro f lu ids .  The bas i c  p rope r t i e s  of a f e r r o f l u i d  
r e l y  on t h e  f a c t  t h a t  t h e r e  i s  no gross  separat ion of  the magnet ic  par t ic les  
from t h e  c a r r i e r  l i q u i d  i n  t h e  p r e s e n c e  of a magnetic f ie ld .  However, a 
par t ic le  concentrat ion gradient  should occur  in  the presence of  a magnetic 
f i e l d  g r a d i e n t .  It i s  of i n t e r e s t  t o  examine the  p red ic t ion  of theory 
regard ing  th i s  segrega t ion  phenomenon. From s t a t i s t i c a l  mechanics t h e  
d i s t r i b u t i o n  of par t ic le  concent ra t ion  a t  equilibrium obeys the following 
r e l a t ionsh ip  
where n i s  particles/cm3, U i s  energy  per  par t ic le ,  k i s  t h e  Boltzman 
constant,  T absolute temperature,  and C a constant.  If a p a r t i c l e  i s  
unaffected by the presence of o t h e r  p a r t i c l e s  and only magnetic forces 
are present then 
where H i s  the magnet ic  f ie ld  and p i s  the magnetic moment p e r  p a r t i c l e .  
For a mono-dispersed  system, n i s  d i r e c t l y  p r o p o r t i o n a l  t o  s a t u r a t i o n  
magnetization of the local f luid sample Ms. Thus t h e  r a t i o  of magnetization 
a t  two po in t s  from the foregoing i s  given by 
or ,  s o l v i n g  f o r  t h e  p a r t i c l e  diameter, 
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This  tendency for  magnet ic  par t ic les  to  d i f f i s e  i n  a magnet ic  f ie ld  
gradient  i s  a s t rong funct ion of  par t ic le  diameter ,  as shown i n  F i g u r e  3 .  
It i s  limited by geometrical hinderance due to  c lose  packing  of  par t ic les .  
The magnetic equivalent of Stokes l a w  for  the  sed imenta t ion  rate of 
a so lva ted  magnet ic  par t ic le  in  a f i e l d  gradient  dH/dY i s  expressed by 
the following equation: 
sM =( D2 
18 q o  ( 1 + 2 6 )  ) (  ?-)(: ) 
D 
SM = rate of  par t ic le  sed imenta t ion  due to  magnet ic  forces  
TTo = so lvent  v i scos i ty ,  po ise .  
It i s  similar to  the  c l a s s i ca l  equa t ion  fo r  t he  sed imen ta t ion  rate, 
Sg, of a par t ic le  under  acce lera t ion  forces :  
s g  = D~ a ( p C  - P O )  
18 9 ,  (1 + 2 6 / D )  
where a = appl ied   acce le ra t ion  
PC = core  pa r t i c l e  dens i ty  
= c a r r i e r  l i q u i d  d e n s i t y  = so lva ted  layer  dens i ty .  
In   bo th   cases   the   sed imenta t ion   ra tes   vary  as D2 
(1 + 26 ) -
D 
Equal sedimentation rates will be obtained with a saturated magnet i te  
par t ic le  suspended in  a u n i t  d e n s i t y  f l u i d  s u b j e c t e d  t o  e i t h e r  an 
accelerat ion of  1 g (981 cm/sec2) or 9 oe/cm accord ing  to  the  above 
equations.  However, magnetic  diff’usion  offers two advantages  over  centri-  
fugal  techniques : 
1. The equipment for  magnet ic  diffusion requires  no 
moving pa r t s ;  t he  f lu id  r ema ins  qu ie scen t  i n  a 
magnetic f i e ld .  This  permits  experiments  which 
can last  as long as one wishes. High speed 
cent r i fuga t ion  requi res  rap id ly  ro ta t ing  machinery  
s o  that experiments are of a shor t  term durat ion.  
2 .  Magnetic d i f f u s i o n  d i f f e r e n t i a t e s  between  magnetic 
and non-magnetic p a r t i c l e s  whereas centrifugation 
does not. 
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Figure 3 EQUILIBRIUM MAGNETIC PARTICLE CONCENTRATION INHOMOGENEITY 
IN A MAGNETIC FIELD  DIFFERENCE AS A FUNCTION OF 
PARTICLE  SIZE  AT 300°K 
The experimental technique i s  very  simple.  Preliminary  experiments 
were with a C-shape permanent magnet, t he  po le  p i eces  of which def ine  
a magnetic gap i n  which the magnetic flux is  rather uniform. Outside 
of t h i s  r e g i o n  t h e  f i e l d  h a s  s t e e p  g r a d i e n t s .  F i n a l l y ,  s u f f i c i e n t l y  f a r  
away, t h e  f ie ld  i s  very low. Thus, the  exper iments  cons is t  in  immersing 
t h e  magnet i n t o  a pool  of  fe r rof lu id  or p l a c i n g  p a r t  of a container of 
f e r r o f l u i d  i n  t h e  gap of t h e  magnet, al lowing the system to remain quiescent 
f o r  a given period of time and f i n a l l y  s e p a r a t i n g  t h e  f l u i d  i n  t h e  gap 
from the surrounding f luid.  To prevent evaporation, the apparatus was 
usua l ly  p l aced  in  sea l ed  dess i ca to r  jars. In the experiments used, magnets 
had a gap flux of about 2000 oe and maximum gradients of the order of 
1000 oe/cm. 
Subsequent separations were carried out i n  a spec ia l ly  cons t ruc ted  
m a g n e t i c  d i a l y s i s  c e l l  t h a t  f i t t e d  between t h e  c i rcu lar  po le  p ieces  of 
an  electromagnet, as shown in  F igu re  4. This arrangement offered numerous 
advantages i n   t h a t  
1. t h e  magnetic f i e l d s  have  c i rcu lar  symmetry; 
2 .  higher magnetic field gradients can be generated; 
3. the magnetic field gradient can be cont ro l led ;  and, 
4. s e p a r a t i o n  o f  d i f f e r e n t  f l u i d  c u t s  from t h e  o u t e r  wall  
of the  device  in  towards  the  center  i s  e a s i l y  accomplished 
by reducing the magnet ic  f ie ld  generat ing current .  
I n  a typica l  run ,  a 400 cm3 sample of f l u i d  i s  subjected t o  an 
average gradient of 2000 oe/cm f o r  a period of a t  least 24 hours .  kt  
t h e  end of t h e  r u n ,  t h e  f l u i d  i s  separa ted  in to  a number of cuts,  usually 
a t  least th ree :  t he  least magnetic f l u i d  from the  outer  per iphery  which 
drains  under  the inf luence of  gravi ty  a t  a h igh  cur ren t  se t t ing ,  a 
second cut obtained when the  cur ren t  to  the  e lec t romagnet  i s  lowered t o  
an  in temedia te  va lue  and a core cut obtained when the electromagnet 
i s  shu t  o f f .  By sys temat ica l ly  repea t ing  the  d ia lys i s  process ,  it i s  
p o s s i b l e  t o  s e l e c t i v e l y  c o n c e n t r a t e  p a r t i c l e s  of a given s ize .  
Repeated d i a l y s i s  was car r ied  out  on one grind product i n  o r d e r  t o  
prepare a more magnet ic  ferrof luid.  In  these experiments ,  a f e r r o f l u i d  
was s u b j e c t e d  t o  d i a l y s i s .  The combined  gap product  (Stage 1) from 
th i r t een  pa ra l l e l  expe r imen t s  was d i a lyzed  in  t . u rn  in  th ree  sepa ra t e  
experiments. The combined  gap product from these experiments (Stage 2) 
were f u r t h e r  d i a l y z e d  t o  y i e l d  a th i rd  s tage  product .  These experiments 
a r e  summarized i n  Table 2 .  As can  be  seen  from  Figure 15,  sequent ia l  
d i a l y s i s  r e s u l t s  i n  a systematic improvement in  the magnet izat ion character-  
i s t i c s  of a f e r r o f l u i d .  A t  constant  viscosi ty ,  the magnet izat ion of  the 
fluid increases by about equal increments per stage.  The t h i r d  s t a g e  
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Figure 4 SKETCH OF MAGNETIC DIALYSIS CELL 
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product had a saturat ion magnet izat ion of 850 gauss with a v i scos i ty  of 
lo4 cp. These r e s u l t s  are d i s c u s s e d  i n  t h e  v i s c o s i t y  s e c t i o n  i n  more 
detail .  Further improvements would be expected from further staging 
which time d id  not permit t o  be carr ied out  due t o  t h e  great ly  increased 
number of experiments that would be requi red  (about  f i f ty ) .  
Table 2 - MAGNETIC DIALYSIS EXPERI"TS 
Test Conditions .- .. 
STAGE 1 2 3 
Number of Experiments 13 3 3 
Cell Volume, cm3 400 15 5 15  5 
Average Test Duration, 24 64 64 
h r s  . 
Magnetic  Field  Grad nt, 1.9 2.9  2.9 
Kilo oe/cm 
Gap Liquid  Product, cm3 90 95 95 
~~~ 
Liquid Properties 
FEED TO: Stage 1 Stage 2 Stage 3 - 
PRODUCT  FROM - Stage 1 Stage 2 Stage 3 
MAGNET1 ZATION, gaus s 
@ H = 116 Oe, ML 22 31 59 98 
@ H = 10 4 oe, MH 110 133 202 290 
Density, gr/cm 0.918 0 947 1 035 1.106 
Volume Percent  2.82  3.50. 5.50 7.05 
Solids,  E D 
Conversion K, % 68.3 67.2 65 .o 72.0 
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Water Base Fluids 
Ferrof luids  prepared in  the past  have been oi l  base, water immiscible 
systems. For many appl ica t ions ,  there  i s  need f o r  water soluble  or 
water compatible fluids since water i s  such a universa l  so lvent .  
The same general  technique that was  used to  prepare organic  base 
f e r ro f lu ids  was used in  the  g r ind ing  o f  a magnetic powder in  the  p re sence  
of t h e  c a r r i e r  l i q u i d ,  now d i s t i l l e d  water, in  the  presence  of  a 
s t ab i l i z ing  agen t .  Magnetite was the magnet ic  sol id  of choice since it 
i s  already in  an oxidized state and i s  stable i n  aqueous  media. The 
pr inc ipa l  d i f fe rence  in  the  prepara t ion  of a water base f e r r o f l u i d  was  
i n  t he  cho ice  of s tabi l iz ing agents  required.  Since water i s  an ionizable 
l iqu id  wi th  a h i g h  d i e l e c t r i c  c o n s t a n t ,  i n  a d d i t i o n  t o  t h e  s t a b i l i z a t i o n  
mechanism of entropic repulsion, it i s  a l so  poss ib le  to  cons ider  the  
development of e lec t ros ta t ic  forces  of  repuls ion .  
Proper  dispers ion of  sol id  par t ic les  in  the 0.11" t o  10 p i s  
c r i t i c a l   i n  many indus t r i a l  app l i ca t ions  such a s  pa in t s ,  fo r  example, so  
t h a t  many numerous products have been prepared for that purpose. These 
include low molecular weight poly-electrolytes as t h e  sodium s a l t s  of 
polyphosphoric acids and polymeric aryl alkyl sulfuric acids,  some 
pro te ins ,  fa t ty  ac id  soaps ,  e tc .  A d i f f i c u l t y  i s  t h a t  a great  deal  of 
s p e c i f i c i t y  e x i s t s  i n  t h e  a d s o r p t i o n  of dispersants  on so l id s  so t h a t  good 
pePformance by a par t icular  dispersant  with one solid does not presume 
similar effect iveness   with  another   ( ref .  11). a d d i t i o n a l   d i f f i c u l t y   i n  
the present  appl icat ion i s  the tendency for most of these dispersant  
so lu t ions  in  wa te r  a t  h igh  concen t r a t ions  to  foam under conditions Of 
v io l en t  ag i t a t ion .  T h i s  would i n t e r f e r e  w i t h  the formation and u t i l i t y  
of a f e r r o f l u i d .  
A number of manufacturers were contacted and samples of commercial 
dispersing  agents were  obtained.  These  dispersants  included: 
a. 
b. 
C .  
Tamol 731 (Rohm and Hass Co. ). T h i s  i s  a sodium salt  
of carboxyla ted  polye lec t ro ly te  tha t  i s  used t o  
disperse  a va r i e ty  of organic and inorganic pigments. 
Tamol 850 (Rohm and Hass Co.). This is  a l s o  sodium 
salt  of a carboxylated polyelectrolyte ,  of  longer  
chain length than Tamol 731, t h a t  i s  used as a 
d ispersant  for  c lays  and inorganic pigments. 
Blancol N (General Aniline and Film Co.) .  This i s  an 
anionic polymeric sodium naphthalene sulfonate - formal- 
dehyde condensate widely used in   t he   pape r   i ndus t ry  
as a dispers ing agent  for  paper  f i l ler .  
a. Lomar D (Nopco Chemical Co.). This i s  t h e  sodium 
salt of a highly polymerized naphthalene sulfonate.  
The manufacturer recomends it i n  any appl icat ion 
i n v o l v i n g  t h e  d i s p e r s i n g  o f  s o l i d  p a r t i c l e s  i n  
aqueous media and reducing the viscosity of solids 
d i spe r sed   i n  water. 
In  addi t ion to  these polymeric  agents ,  the fol lowing outer  dispersants  
were t r i e d :  
e. Tr i ton  X-100 (Rohm and Hass Co. ) . This i s  a water so luble  
i s o - o c t y l  phenoxy ethanol  containing 10 moles of 
ethylene oxide. It i s  a common emuls i f ie r  and wetting 
agent. 
f .  Neodol 25-F (She l l  Chemical  Co.).  This i s  a water 
soluble ethoxylated adduct of C12 t o  C 1 5  mixture 
of primary alcohols and contains an average of seven 
moles  of ethylene oxide per mole a lcohol .  It has 
found use as a heavy-duty controlled foaming deter- 
gent i n  i n d u s t r i a l  a r e a s  such as metal cleaning. 
g.  Aerosol c-61 (American Cyanamid Co. ). This   cat ionic  
sur face  ac t ive  agent  i s  a mixture of octadecyl amine 
and octadecyl guanidine salts of octadecyl carbamic 
acid reacted with ethylene oxide.  It has found wide 
use as a dispers ing agent .  
Tne above compounds were considered potent ia l  dispers ing agents  on 
the  bas i s  of a v a i l a b l e  l i t e r a t u r e .  It was not  poss ib le  to  run  screening  
t e s t s  as was done with the hydrocarbon dispersions because the magnetite 
was  readily wetted by water and no no t i ceab le  e f f ec t  on s e t t l i n g  t i m e  
was observed. 
The b e s t   r e s u l t s  were obtained when Aerosol c-61 was used as a 
s t ab i l i z ing  agen t .  There  were some d i f f i c u l t i e s  a t  t h e  start  of the run 
due to excessive foaming which were corrected by the f’urther addition of 
50 m l  o f  Aerosol C-61. The run was stopped a t  837 hours. 
The value of K1 fo r  run  G104 based on the magnetization of t h e  system 
at  t h e  s tar t  of the run,  i s  8 x 10-3 hrs’’. This compares favorably with 
the values obtained with Tenlo 70/Kerosene (K: = 4 x 10-3 hrs-1) and 
oleic acid/Kerosene (2.6 x 10-3 hrs-1) i n  similar equipment ( r e f .  10). 
The f irst  water base  f e r ro f lu id  was made us ing  Tamol 731 as a 
s t ab i l i z ing  agen t .  Although  very  encouraging r e s u l t s  were obtained, 
i n i t i a l l y  some d i f f i c u l t i e s  were subsequently encountered. 
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Tamol 731 proved t o  be an i n i t i a l l y   e f f e c t i v e   d i s p e r s i n g   a g e n t  i f  
p r e s e n t  i n  s u f f i c i e n t  enough quant i ty .  In  a l l  runs where t h i s  material 
w a s  used as the  d i spe r san t ,  t he re  was  an  in i t i a l  fo rma t ion  of magnetic 
co l lo id  (GTO,  G74, G80, G97). I n  a l l  cases ,   there  w a s  an i n i t i a l  
i nc rease  in  co l lo id  concen t r a t ion  wi th  g r ind ing  t ime ,  up  to  a c e r t a i n  
c r i t i c a l  time. Fur ther ,  g r ind ing  then  resu l t s  in  f loccula t ion  of  the  
previously stable system. Th i s  c r i t i c a l  g r i n d i n g  time increases  with 
increasing concentration of Tamol 731. 
Tnere i s  a problem of over-grinding i n   t h e s e  Tamol 731/water systems 
which i s  d i f f e r e n t  t h a n  t h e  ones encountered in the kerosene base systems 
with monomeric s t a b i l i z e r s .  I n  t h e s e  systems a g e l  i s  usua l ly  formed 
which can be reversed by the addition of extra sur fac tan t ,  the  ge l  be ing  
due t o  an  Fnsu f f i c i en t  s t ab i l i z ing  l aye r .  With Tamol 731 as the gr inding 
agent for magnetite i n  water, a t  a given surfactant/magnetite ratio,  
fur ther  gr inding  OF addi t ion of  fur ther  Surfactant  enhances f locculat ion.  
The unusual  f inding i s  t h e  f a c t  t h a t  t h e  e x t e n t  of grinding which takes  
p lace  before  f loccula t ion  increases  wi th  the  in i t ia l  concent ra t ion  of 
s t ab i l i z ing  agen t .  A poss ib le  explana t ion  for  th i s  phenomenon i s  t h a t  
as long as t h e r e  i s  an excess  of  surfactant  in  solut ion,  there  i s  l i t t l e  
or no tendency  for  the  polymer ic  sur fac tan t  to  adhere  to  more than one 
p a r t i c l e .  A s  new sur face  a rea  i s  generated, t h e  sur fac tan t  excess  in  
solution decreases by adsorption of the molecules on t h e  p a r t i c l e  s u r f a c e ,  
u n t i l  t h e r e  i s  an  in su f f i c i en t  amount l e f t  t o  c o a t  t h e  new surface 
generated.  This surface could then interact with molecules already 
par t ia l ly  absorbed  on o t h e r   p a r t i c l e s  and would l e a d   t o  a br idging  of t h e  
p a r t i c l e s ,  r e s u l t i n g  i n  f l o c c u l a t i o n .  Another  explanation  could be 
Van der  Waals a t t r a c t i o n  f o r c e s  between a coated and uncoated particle 
l e a d i n g  t o  irreversible i loccu la t ion .  
Both Aerosol c-61 and Tamol 731 resu l ted  in  the  format ion  of  re la t ive ly  
coarse  par t ic les  ( see  Table 5) .  It appears as though t h e  s t a b i l i z i n g  
sheath in water systems i s  thicker than in hydrocarbon systems and thus 
can s tab i l ize  la rger  par t ic les .  Viscos i ty /magnet iza t ion  data on Aerosol 
c-61 and even more so with Tamol 731 i nd ica t e  a t h i c k e r   s t a b i l i z i n z   l a y e r  
( see  sec t ion  on v i s c o s i t y ) .  
Both Aerosol c-61 and Tamol 731 s t a b i l i z e d  water base f luids  dispersed 
in  g lyce ro l .  Only t h e  Tamol 731 base mater ia l  dispersed in  e thylene 
glycol.   This  extends  the l i s t  of u se fu l  ca r r i e r  l i qu ids .  Add i t ion  of 
alcohol or acetone in  bo th  cases  r e su l t ed  in  f loccu la t ion .  Both these  
f l u i d s  were immiscible with hydrocarbon systems. 
The o the r  i on ic  s t ab i l i z ing  agen t s  t r ied (Tamol 850, Blancol N, and 
Lomar D ) ,  d id  no t  r e su l t  i n  t he  fo rma t ion  of a sa t i s f ac to ry  p roduc t .  A 
number of attempts were a l s o  made to  p repa re  a water base fe r rof lu id  by  
gr inding  in  the  presence  of a number of non-ionic surfactants (GlO9,  G114). 
These runs were disconkined because of severe foam formation i n   t h e  mills. 
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Fluorocarbon Base Flu ids  
The fluorocarbons are an unusual ly  iner t  and stable family of 
compounds ( v i z . ,  Teflon).  They have  found wide a p p l i c a t i o n  i n  many areas 
because of  these propert ies .  The f luo roca rbon  l iqu ids  in  pa r t i cu la r  have 
t h e  c h a r a c t e r i s t i c  t h a t  t h e y  are immiscible with both o i l  and water systems. 
This makes them un ique  ca r r i e r s  fo r  f e r ro f lu ids .  It was decided t o  
attempt to prepare such fluorocarbon base f lu ids .  This  s tudy  i t  of  funda- 
menta l  in te res t  as w e l l  s ince  l i t t l e  is  known about the preparation and 
cha rac t e r i za t ion  of colloid systems i n  t h e s e  v e r y  i n e r t  l i q u i d s .  
The f irst  runs (~108-110) were made w i t h  perf luoroctanoic  acid as 
the  s t ab i l i z ing  agen t .  In  bo th  cases  the re  was no colloid  formation. It 
was presumed tha t  t hese  runs  fa i led because perfluoroctanoic acid w a s  too  
shor t  a molecule to  p rov ide  s t ab i l i za t ion  in  ana logy  with the  f ind ings  
t h a t  i n  hydrocarbon systems surfactants of a t  least twelve carbon atoms i n  
length are needed t o  r e s u l t   i n  a successfu l  co l lo id .  
After ex tens ive  inqui r ies ,  it was found t h a t  E . I .  DuPont de Nemours 
& Co. was developing some long chain fluorocarbon surfactants. These 
su r fac t an t s  are prepared by the anionic polymerization of hexafluoro- 
propylene oxide (HFPO) which yields perfluoro-polyethers (of any desired 
chain length) that have an acyl end group. T h i s  a c y l  end  group i s  then  
hydrolyzed t o   y i e l d  a long chain fluorinated molecule with a carboxylic 
ac id  te rmina l  group that  could be used as a s t ab i l i z ing  agen t .  
h 
U 
I I  
(n + 1) (CF3 - CF - CF2) - F(CF - C F ~  - 0). - CF - CF 
v I I 
0 F- 
CF3 I I  0 / ;: 
HF + F(CF - CF2 - 0)n  - CF - C - OH 
I I 
The carboxylic acids are in te rmedia tes  in  t h e  manufacture of a 
v a r i e t y  of f luor ina ted  e thers  so ld  by  DuPont. Hydrogen or f luo r ine  
be  subs t i tu ted  for the carboxylic end group t o  yield products  which 
the following general formula 
wide 
can 
have 
F (CF - CF2 - O), - C - A 
I 
F 
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The lower molecular weight homologues (n  5 9 )  which me hydrogen 
end-capped ( A  = H) are so ld  as t h e  Freon-E series of  l iquids ,  The 
higher molecular weight homologues (n > 9 )  which are completely fluorinated 
( A  = F) are so ld  as the  Krytox  o i l s .  
It was cons idered  very  l ike ly  tha t  the  s imi la r i ty  of  s t ruc ture  of  
t he  su r fac t an t s  and t h e  i n e r t  l i q u i d s  would r e s u l t  i n  f e r r o f l u i d  f o r m a t i o n  
f o r  some spec i f ic  sur fac tan t /car r ie r  l iqu id  mixture .  Fur thermore ,  i f  
a f e r r o f l u i d  were formed, it would be  poss ib l e  to  al ter systematical ly  
the  p rope r t i e s  o f  e i the r  su r fac t an t  or c a r r i e r  l i q u i d  and s tudy  the  
proper t ies  of t he  r e su l t i ng  co l lo ids .  
Experimental  quantit ies of the following fluorocarbon surfactants 
were obtained: 
1. HFPO Hexamer Acid (M.W. 1000) 
CF3 CF3 
I I 
F (CF - CF2 - 0)5 C - COOH 
I 
F 
2. HFPO Decamer Acid (M.W. 1660) 
CF3 CF3 
I I 
F (CF - CF2 - O ) 9  - C - COOH 
1 
F 
3. HFPO Polymer  Acid (M.W. 2600) 
CF3  CF3 
I I 
F (CF - CF2 - 0)15 - C - COOH 
I 
F 
4. HFPO Polymer  Acid (M.W. 4200) 
CF3 CF3 
I I 
F (CF - CF2 - O)24 - C - COOH 
I 
F 
A series of grinding runs with magnetite were i n i t i a t e d   i n  which 
each of these acids was  used as the  su r fac t an t .  The ca r r i e r  l i qu id  used  
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i n  each case was Freon E-3 f luo r ina t ed  e the r  
I I 
F(CF - CF2 - O j 3  - CH 
b 
which had optimum v i scos i ty  and v o l a t i l i t y   c h a r a c t e r i s t i c s .  
The molecular weight of the surfactant did not have a marked e f f e c t  on 
the  rate of colloid formation, using col oid formation, using colloid 
dens ' t y  or MH, f luid magnet izat ion a t  10' oe, as an index (K1 = 3 x 10-3 
hrs-'). However, a marked e f f e c t  on t h e  r a t i o  ML/MH  (ML = f l u i d  
magnetization a t  HL = 116 oe)  was  noted.  This  ra t io  increased with 
increasing molecular weight of the surfactant used, from 0.23 for the 
1000 molecular  weight  acid to  0.35 f o r  t h e  4200 molecular weight acid. As 
d i scussed  in  a l a t e r  s e c t i o n  on f lu id  magnet iza t ion ,  th i s  f ind ing  
ind ica tes  tha t  the  average  s i z e  of  the  par t ic les  increases  wi th  increas ing  
molecular  weight  of  the s tabi l iz ing agent  used.  This  was confirmed  by 
electron micrographs of samples of the fluids (see Table 5 ). 
In  t ry ing  to  de te rmine  the  compat ib i l i ty  of  these  fe r rof lu ids  wi th  
d i f fe ren t  f luorocarbon l iqu ids ,  it was found t h a t  t h e r e  was an  e f fec t  
o f  t h e  s t a b i l i t y  o f  t h e  c o l l o i d  i n  s o l v e n t s  of different molecular weights.  
These r e s u l t s   a r e  summarized i n  Table 3. A (+) i n d i c a t e s   t h a t  when a 
drop of  f e r r o f l u i d  was added t o  an excess  of  l iquid,  the ferrof luid 
dispersed readi ly .  A ( - )  indicates  that  spontaneous f locculat ion and 
separat ion of  the solid phase occurs. The t r a n s i t i o n  from a s t a b l e  t o  
unstable system occurs when the molecular weight of the solvent exceeds 
the molecular weight of the surfactant by more than 50% f o r  t h e  lower 
molecular weight surfactants.  The r a t i o  of  Freon E-3 c a r r i e r  l i q u i d  i n  
t h e  i n i t i a l  d r o p  i s  negl ig ib ly  small i n  comparison t o   t h e  volume of  the 
l i q u i d   t o  which the drop i s  added, in  the experiments .  
It was also observed that  a f l o c c u l a t e d  f e r r o f l u i d  i n  a high molecular 
we igh t  ca r r i e r . l i qu id  would spontaneously re-disperse with the addition of 
e i t h e r  a low molecular weight carrier l iquid such as Freon E-3, or by 
the addi t ion of  a higher molecular weight surfactant t o  t h e  system. As 
an example, a HFPO hexamer a c i d  s t a b i l i z e d  f e r r o f l u i d  f l o c c u l a t e s  i n  
Krytox AZ. Addition of either Freon E-3 l i q u i d  or  of HFPO 4200 a c i d  r e s u l t s  
i n  spontaneous repeptization of the  f loccula ted  co l lo id .  
AS a ten ta t ive  explana t ion  for  these  resu l t s ,  i t  i s  proposed t h a t  t h e  
s t a b i l i z i n g   s h e l l  around the individual  par t ic les  in  suspension consis ts  
of a mixture of adsorbed surfactant molecules and solvent molecules as 
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Table 3 - STABILITY OF FLUOROCARBON BASE FLUIDS I N  FLUIDS I N  FLUOROCARBON  LIQUIDS OF 
INCREASING MOLECULAR WEIGHT AS A FUNCTION €!F SURFACTANT 
Carrier Liquid 
Molecular Weight 
Molecular Weight 
of Surfactant 
1000 
1660 
2600 
4200 
'rem E-3 
620 
+ 
3. 
+ 
+ 
Freon E-5 
95 0 
Freon E-9 
1500 
Crytox AZ 
1900 
- 
+ 
+ 
+ 
zrytox AA 
2500 
crytox AB 
?hnn 
kytox AC 
5000 
- 
- 
+ 
+ 
+ dispersion 
- flocculation 
shorn in  F igu re  5a. When the solvent molecules are much longer  than  the  
surfactant molecules,  one end of the solvent molecule extends beyond the  
adsorbed surfactant molecule as shown i n  Figure 5b. When th is  occurs ,  it 
i s  then  poss ib l e  fo r  a given solvent molecule t o  i n t e r a c t  w i t h  t h e  ad- 
sorbed layers of two ad jacen t  pa r t i c l e s  as shown in Figure 5c.  Flocculat ion 
ensues as a r e s u l t  of t h i s  a s s o c i a t i o n .  I n c r e a s i n g  t h e  r a t i o  of su r fac t an t  
molecular weighC,/carrier molecular weight results in  repept iza t ion  because  
t h i s  i n c r e a s e s  the p h y s i c a l  s e p a r a t i o n  o f  p a r t i c l e s  r e l a t i v e  t o  t h e  l e n g t h  
of a solvent molecule. 
Fluorocarbon base fer rof lu ids  a re  immisc ib le  wi th  o i l  water base 
f l u i d s  i n  g e n e r a l .  They r e t a in  the  immisc ib i l i t y  cha rac t e r i s t i c s  of t h e  
pa ren t  f l u id .  With water t h e r e  i s  some tendency to  emul s i fy  which 
decreases with increasing molecular weight of the surfactant and solvent 
used. They are miscible w i t h  o ther  per f luor ina ted  l iqu ids  such  as 
p e r f l u o r o t r i b u t y l  amine. They are incompatible w i t h  so lvents  t h a t  are 
so luble  or p a r t i a l l y   s o l u b l e   i n  Freon E-3 but dif fer  markedly i n  chemical 
s t r u c t u r e .  These  chemicals  include  perchlorinated  solvents  such as 
carbon te t rachlor ide,  or p a r t i a l l y  f l u o r i n a t e d  l i q u i d s  s u c h  as Freon 113 
(DuPont ) or Fluorolube S (Hooker Chemical Co. ) . 
Ester Base Flu ids  
For many appl ica t ions  where t h e   f e r r o f l u i d  will be exposed t o  the 
atmosphere, t h e  c a r r i e r  base h a s  t o  be non-volati le,  very stable and of 
low v i s c o s i t y .  P r i o r  t o  t h e  program, a l l  t h e  f e r r o f l u i d s  available were 
prepared i n  bases considered too volati le.  This included kerosene and 
even mineral o i l  base systems. Ferrofluids prepared in Union Carbide 
S i l icone  L43 were s a t i s f a c t o r y  as far as v o l a t i l i t y  b u t  were too viscous 
for  considerat ion.  
Two very different  types of  non-volat i le  ferrof luids  were developed 
during the course of the program. Some of the higher molecular weight 
fluorocarbon ether base f l u i d s  (Krytox AC) with high molecular weight 
su r fac t an t s  (HFPO 4200) e x h i b i t  t h i s  c h a r a c t e r i s t i c .  Low v o l a t i l i t y  
p rope r t i e s  were also obtained with dinonyl  phthalate  base f l u i d s .  These 
f lu ids  use  a much less expensive r a w  ma te r i a l  and are j u s t  as s u i t a b l e  
f o r  many appl ica t ions .  
Dinonyl phthalate was considered an id-ea1 c a r r i e r  for many app l i ca t ions  
because of i t s  s tab i l i ty ,  reasonable  v iscos i ty ,  and extremely low 
v o l a t i l i t y .  I ts  vapor  pressure a t  25OC i s  less than 10-7 torr. This 
compound i s  normally used as a vacuum pump o i l .  
Dinonyl phthalate i s  too  v i scous  to  cons ide r  f e r ro f lu id  fo rma t ion  in  
t h i s  base by gr inding magnet i te  in  i t s  presence. It was decided t o  form a 
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dinonyl  phthalate  base ferrof luid by adding it t o  a hydrocarbon ferrofluid 
(such as kerosene) and then evaporating the more v o l a t i l e  hydrocarbon 
leaving  as a residue, hopefully, a d inonyl  ph tha la te  base  fe r rof lu id .  
Add i t ion  o f  d inony l  ph tha la t e  t o  f e r ro f lu ids  s t ab i l i zed  by  such  
su r fac t an t s  as oleic  acid,  Tenlo 70, and Tr i ton  X35 which a r e  a l l  low 
HLB s u r f a c t a n t s ,  r e s u l t e d  i n  f l o c c u l a t i o n  of t h e  f e r r o f l u i d .  There was 
phase separation. However, i t  was observed that dinonyl phthalate could 
be  safe ly  added t o  a kerosene base ferrof luid prepared with a less hydro- 
phobic surfactant such as Tr i ton  X45 (Rohm and Hass) which i s  an ethylene 
oxide adduct of iso-octyl phenol in which t h e  mole r a t i o  i s  5 t o  1. The 
kerosene was then removed t o   y i e l d  a dinonyl  phthalate  base f e r r o f l u i d .  
The reason why this  solvent  t ransfer  operat ion succeeded i s  i n   t h e  
nature  of  the surfactant .  The su r fac t an t  w a s  not s o  hydrophi l ic  in  
c h a r a c t e r  t h a t  it would be incompatible i n  kerosene which i s  a very non- 
po la r  system, but less l i p o p h i l i c  t h a n  t h e  o t h e r  s u r f a c t a n t s  u s e d  i n  
order  to  be compatible  with dinonyl  phthalate  which i s  an ester of i n t e r -  
mediate polarity.  According to the manufacturer,  the HLB number f o r  
Tr i ton  X45 i s  10.4 which i s  essentially near the middle of the range 
between extremely hydrophilic systems (18-20) and extremely l ipophilic 
systems (2-4). 
Preparation of Ferrofluids with Materials of Higher Saturation Magnetization 
I n  Phase I of t h e  program, three  separa te  a t tempts  to  prepare  fe r ro-  
f lu ids  by  gr inding  i ron  powder i n  kerosene in  the  p re sence  of d i f f e r e n t  
sur fac tan ts  resu l ted  only  in  very  weak col loid formation.  The powder 
used in  these experiments  was iron carbonyl powder type L made by t h e  
General Aniline and Film Co. This i s  a very pure grade of iron which i s  
phys ica l ly  so f t  and e a s i l y  compressed. The i n i t i a l  p a r t i c l e  s i z e  o f  t h e  
ma te r i a l  was about 6-9 microns. 
i. The f a c t  t h a t  t h e  powder was e a s i l y  deformable  and 
would, therefore ,  not  break into smaller fragments 
during the grinding process.  
ii. The presence of impurit ies in t h e  c a r r i e r  t h a t  
could oxidize the i ron powder. 
iii. Reaction between the surfactant and the powder 
leading to decomposition of either component. 
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I n  o r d e r  t o  t r y  t o  overcome t h e s e  d i f f i c u l t i e s  t h e  f o l l o w i n g  s t e p s  
were taken: 
i. 
ii. 
Use powders of magnetic alloys that are hard and b r i t t l e  
so tha t  abras ion  ra ther  than  deformat ion  would occur i n  
the grinding operation. Alloys of p a r t i c u l a r  i n t e r e s t  
w e r e  : 
I ron-cobal t  a l loy  powders with a 35% cobal t  
content corresponding t o   t h e   a l l o y  Fe2Co. 
This  a l loy has  a saturat ion magnet izat ion of  
24,300 gauss which is  13% higher than pure 
i ron .  This material i s  a l so  ha rd  and b r i t t l e .  
Iron-Silicon alloys with approximately 14% 
si l icon (corresponding to  Fe3Si)  exhibi t  
high permeabili ty and are very br i t t l e ,  
supposedly easily reduced to a powder state. 
Since these powders cannot be made by chemical 
decomposi t ion,  the f inest  par t ic le  s ize  material 
ava i lab le  i s  one order of magnitude higher than 
the i ron carbonyl  powder previously used. These 
powders were so ld  as nominally - 200 mesh 
ma te r i a l  (200 mesh = 74 microns). The grinding 
time i s  expected t o  be much longer with these 
mater ia l s .  
Hardened grades  of  carbonyl  iron  powders.  In 
a d d i t i o n  t o  t h e  t y p e  L i r o n  powder, General 
Aniline and Film manufactures other powders 
which are  harder .  Type SF i s  similar t o  t y p e  
L except  that  it contains 0.8% carbon which 
makes it  more b r i t t l e .  Type W i n  a d d i t i o n ,  
contains 6% N which should further increase 
t h e  b r i t t l e n e s s  o f  t h e s e  powders. The p a r t i c l e  
s i z e  of these powders i s  almost 2-4 microns. 
"Lodex-Round"  powders (General Electric Co.).  
This material coris is ts  of  f inely divided 
cobal t  coated cobal t - i ron par t ic les  made by 
an   e lec t ro-prec ip i ta t ion  t e  hnique. The 
p a r t i c l e  s i z e  i s  about 500 E: . It was 
considered the metal most l i k e l y   t o   y i e l d  a 
stable f e r ro f lu id .  
TO eliminate impurit ies such as water and oxygen, a l l  operations 
are carried out with dry reagents and under conditions of 
minimum oxygen contamination. 
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iii. The idea l  sur fac tan t  for  such  sys tems would be one t h a t  would 
adsorb on the  meta l  sur face  but  would not undergo decomposition 
after adsorption and would not  grea t ly  al ter the  bulk  of  the  
metal phase. It was thought  that  compounds %ha-: might prove t o  be 
sa t i s fac tory  in  such  exper iments  would be chemicals that have 
found use as extreme pressure  lubr icants  or c u t t i n g  o i l  
addi t ives ,  usua l ly  materials that  contain phosphorus,  sulfur  
or halogen i n   t h e  molecule. These compounds a r e  b e l i e  ,-ed t o  
t o  s t rong ly  adso rb  on bear ing metal su r faces ,  bu t  no t  t o  
r eac t  w i th  the  metal t o  form gross phases of metallic compounds. 
An example of materials of t h i s  t y p e  would be z inc  d ia lkyl  
dithiophosphate (Monsanto Santolube 393 o i l  a d d i t i v e ) .  
I n  a d d i t i o n  t o  t h e  above, a grinding m i l l  was also equipped with 
tungsten carbide grinding balls.  These balls a r e  much harder, more 
ab ras ion  r e s i s t an t  and  denser ( P = 14.9 gr/cm3) than  the  hardened  i ron 
bal ls  normally used in  the gr inding operat ion.  Assuning the gr inding 
o p e r a t i o n  t o  be due t o  an impact process,  the rate of grind should increase 
wi th  the  d i f f e rence  in  dens i ty  between the  balls and t h e  l i q u i d  medj.u.m. 
The rate of grind should also increase with decreasing deformabili ty of 
the gr inding medium. 
Dispersion tests were performed on various metal  powders t o  determine 
whether the choice of a su r fac t an t  t ha t  was successful with magnetl.tc 
would be  su i tab le  wi th  a metal. Similar screening t .ests had been previously 
run with magnetite. It had been pesumed that  the adsorpt ion character-  
i s t i c s  of the metal and metal oxide would be simi1a.r. These dispersion 
tests were run with Carbonyl Iron Powder W (General Aniline and Film Co.) ,  
Carbonyl Iron Powder SF (General Aniline and Film Co.) and with Lodex 
round Cobalt-Iron (General Electric Co. ); in  kerosene in  the presence of  
d i f f e ren t   su r f ac t an t s ,  as shown in   Table  b .  Some of the   sur fac tan ts  
t r i e d  had a d e f i n i t e  e f f e c t  on t h e  s e t t l i n g  r a t e  of t h e  i r o n  powder used, 
the  I ron  SF powder being more affected than the Iror ,  W powder. WTth both 
these  materials, the ethylene oxide adducts of long chain alcohols proved 
t o  be good dispersants .  Other  mater ia ls  which a r e  good magnetite dis-  
persants such as Tenlo 70 and ENJAY 3854, proved t o  be poor dispersants 
f o r  t h e s e  i r o n  powders. 
None o f  t he  su r fac t an t s  t r i ed  had any  ef fec t  on t - h e  s e t t l i n g  r a t e  of 
Lodex pa r t i c l e s  i n  ke rosene .  In  a l l  cases ,  the Lodex powder s e t t l e d  as 
coarse agglomerates that were v i s ib l e  to  the  eye .  
One major difference between the two grades of i r o p  powder and the  
Lodex powder used i s  the  s i ze  o f  t he  pa r t i c l e s .  The i r o n  p m t i c l e s  a r e  
in  the  r ange  o f  2-4 microns jn  diameter  while  the Lodex p a r t i c l e s  a r e  i n  
t h e  500 A range, approximately two orders o f  magnitude smaller i n  s i z e .  
With these  smaller p a r t i c l e s ,  t h e  r a t i o  of the  a t t rac t ive  forces  bonding  
t h e  p a r t i c l e s  t o g e t h e r  t o  t h e i r  w e i g h t  i s  s o  high that the agglomerated 
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powder vas unaffected by the mild disrupt ive forces  introduced by t h e  
ag i ta t ion  of  the  suspens ion ,  in  sp i te  of  the  presence  of t h e  s u r f a c t a n t .  
Three grinding runs were s t a r t e d  w i t h  t h e  35% cobal t - i ron  powder 
(G81, G83, a b ) .  I n  G81, Santopoid 23-RI, a g e a r  o i l  a d d i t i v e ,  was used 
without any colloid formation whatsoever. In G83 and G84, o l e i c  a c i d  
was used as the  add i t ive .  A difference between the two runs was t h a t  
tungs ten  carb ide  ba l l s  were used i n  G84 while standard steel  b a l l s  were 
used i n  G83. A dark colored supernatant was  formed in  both cases ,  but  
d t h  l i t t l e  col loid formation.  After 1640 hours of grinding a co l lo id  
with a magnetizetion of less than  10 gauss was formed i n  G83 and of 
negl igible  magpet izat ion i n  G84. 
A run (G100) was t r ied  wi th  carbonyl  i ron  powder W and Santolube 393 
an extreme pressure lubricant additive,  without success.  Similar poor 
r e s u l t s  were obtained when a t tempt ing  to  gr ind  Lodex Round p a r t i c l e s   i n  
the presence of ENJAY 3854 polymeric surfactant.  Unsuccessful results 
were also obtained with carbonyl iron powder SF and Tr i ton  X45 su r fac t an t .  
Table 4 - DISPERSION  TESTS OF METAL POWDERS I N  KEROSENE 
"_ 
Surfactant 
Tr i ton  X100  
T r i ton  X45, 
Neodol 25-7 ( S h e l l  O i l  Co.) 
T r i ton  X 114 
Oleic Acid 
Oleyl Amine 
Tr i ton  X35 
Tr i ton  X15 
ucc L-78 Sil icone Surfactant  
UCC L-77 Si l icone  Surfac tan t  
UCC L-75 Si l icone  Surfac tan t  
Oleyl Alcohol 
Tenlo 70 
Lec i th in  
Aerosol OT 
Zinc Naphthanate 
Aluminum Naphthanate 
Santolube 393 (Monsanto) 
Enjay 3854 (Humble O i l  Co. ) 
Enjay 3029 (Humble O i l  Co.) 
Blank 
~~ I Carbonyl I ron  W 2 1  
17 
17 
14 
14 
12 
12  
11 
11 
10 
io 
9 
7 
7 
7 
6 
6 
6 
6 
6 
6 
Carbonyl 
Iron 
SF 
over 600 
34 
40 
55 
over 600 
16 
7 
nutes 
Lodex 
Round 
No suspension 
No suspension 
No suspension 
No suspension 
No suspension 
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The above runs a l l  were less than 2000 hours i n  l e n g t h .  One metal 
grind was allowed t o  r u n  f o r  a much longer period of time. S i l icon-  
i r o n  powder was ground fo r  ove r  4000 hours  wi th  o le ic  ac id  as t h e  s u r f a c t a n t ,  
As with  the  o ther  runs ,  very  d iscouraging  resu l t s  were obtained i n   t h e  
first 2000 hours of tes t .  A s i g n i f i c a n t  i n c r e a s e  i n  f e r r o f l u i d  d e n s i t y  
and saturat ion magnet izat ion was observed only after 2300 hours 
of grinding time. Fur the r  i nc reases  in  dens i ty  and magnetization with 
fur ther  gr inding  t i m e ,  up t o  4200 hours, have since been observed. The 
volume f r ac t ion  so l id s  based  on magnetization and density of samples that 
were spun i n  a l abora to ry  cen t r i fuge  fo r  10 minutes and 1 hour,  respect ively 
are presented  in  F igures  6 and 7. Assuming a nominal acce lera t ion  of  
2000 g, t h e  l i m i t i n g  s i  es of theopar t ic les  remain ing  in  suspens ion  in  
these  two cases  a re  2100 B and 840 A, r e spec t ive ly .  Based  on t h e  i n i t i a l  
composition of the feed, which contained 2.9$ s i l icon (14%) - i r o n  powder 
(b!! = 15000 gauss P C  = 7.2  gr/cm3)  the  density measurements i n d i c a t e  
tha t  over  9% of t h e   i n i t i a l  powder had been reduced t o  a p a r t i c l e  s i z e  
of less than  2100 8, b u t  t h a t  less than  3% has been reduced t o  below 
840 8. 
The dens i ty  measurements yield higher  values  than the magnet izat ion 
measurements. This r a t i o  i s  higher  for  the product  centr i fuged 60 minutes 
than  for  the  product  cent r i fuged  10 minutes. There was  a l s o  a not iceable  
drop i n  magnet iza t ion  in  the  product  cent r i fuged  for  10 minutes a t  t h e  
end of the gr ind.  This  bel ieved due t o  p a r t i a l  o x i d a t i o n  of t h e  p a r t i c l e s  
i n  suspension. The smaller p a r t i c l e s  which  have a higher exposed 
s p e c i f i c  s u r f a c e  area would be expected t o  be more s e n s i t i v e   t o  such a 
mechanism. The run was stopped a t  4200 hours because of t h i s  d r o p  i n  
magnet iza t ion  in  the  hope of salvaging a product that  could be used as 
a f e r r o f l u i d .  
The grind product was par t ly  cent r i fuged  a t  4000 g f o r  10 minutes 
a t  17000 g f o r  10 minutes i n  t h e  u s u a l  manner. 
and 
Immediately after cen t r i fuga t ion ,  t he  f i r s t  p roduc t  had a s a t u r a t i o n  
of only about 14 gauss and the other material of less than 5 gauss. The 
product centrifuged a t  17000 g had a volume f r ac t ion  so l id s ,  based  on 
dens i ty  measurements, of 2.6% which should correspond t o  a product with 
a magnetization of sl ightly over 100 gauss. Upon s tanding with time, both 
products became to ta l ly  unrespons ive  to  magnet ic  f ie lds .  
The slow rate of grind of the metal  products i s  be l i eved  to  be  due 
t o  t h e  f a c t  t h a t  t h e s e  metals, while considered br i t t le ,  a r e  s t i l l  much 
more duct i le  than magnet i te  and, t he re fo re ,  t he re  i s  less tendency for 
a crack to propagate.  The l a r g e r  p a r t i c l e  s i z e  o f  s i l i c o n  i r o n  powders 
p re sen ted  in  the  f igu res  a l so  comes in to  p l ay .  The loss of  magnetization 
with time i s  due t o   t h e  slow oxidation of the metals i n  t h e  s o l v e n t ,  
e i t h e r  by  reac t ion  wi th  the  sur fac tan t ,  o le ic  ac id ,  o r  with water. It 
should be no ted  tha t  t he  so lub i l i t y  o f  water i n  hydrocarbons containing 
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large surfactant  concentrat ions i s  much higher than in pure hydrocarbon 
because of micelle formation. Water droplets can be s t a b i l i z e d  much i n  
t h e  manner tha t  the  magnet ic  par t ic les  are s t ab i l i zed .  These combined 
resu l t s  d i scourage  f 'u r ther  inves t iga t ion  in  the  area of  the preparat ion 
of metal sols by gr inding.  Alternate  possibi l i t ies  might  be e l ec t ro -  
deposit ion of metal p a r t i c l e s   i n  mercury, followed by transfer into an 
anhydrous non-reactive solvent, e. g., suggested by some Russ ian  au thors (e .2)  
Further  Search for  New Surfactants for Magnetite/Kerosene Systems 
There was a c o n t i n u i n g   e f f o r t   i n   t r y i n g   t o  make magnetite/kerosene 
fe r rof lu ids  wi th  new su r fac t an t s .  One of the goals was  t o  o b t a i n  a 
be t te r  unders tanding  of  the  e f fec t  o f  sur fac tan t  proper t ies  such  as 
s t ruc tu re  and r eac t ive  po la r  groups on the formation of a f e r ro f lu id .  A 
second goal was t o  o b t a i n  f e r r o f l u i d s  w i t h  improved phys ica l  p roper t ies ,  
such as higher   magnet izat ion,   greater   s tabi l i ty ,   e tc .   In   these  experiments ,  
t h e  p r i n c i p a l  t3"pes of sur fac tan ts  inves t iga ted  were carboxylic acids,  
amines, alcohols and modified polymers. 
Carboxylic Acids. - As a l r eady  r epor t ed ,  t he  o r ig ina l  f e r ro f lu ids  were 
magnetite suspensions rin kerosene s tabi l ized by oleic  acid:  
CH3 - (CH2)7  CH = CH(CH2)7COOH 
It was found that  short  chain carboxyl ic  acids  with less  than twelve car-bon 
atoms d i d  n o t  r e s u l t  i n  a stable suspension. It was  fu r the r  found t h a t  
s t ea r i c  ac id ,  t he  sa tu ra t ed  homologue of o l e i c  ac id  d id  not form a s t a b l e  
suspension but that  l inoleic acid,  the doubly unsaturated homologue d id  
r e s u l t  i n  a f e r r o f l u i d .  
Further  gr inds were made w i t h  e i a t e e n  c a r b o n  f a t t y  a c i d s  of d i f f e r i n g  
degrees on unsaturat ion.  
The pre-riious resu l t s  ob ta ined  wi th  l ino le ic  ac id  was confirmed (G120). 
It was fur ther  no ted  tha t  the  rate of co l lo id  fo rma t ion  wi th  th i s  s i r f ac t an t  
i s  the  same as w i t h  o l e i c  a c i d , ( r e f .  l3}. Ferrofluid formation was also 
obtained when a commereial l i n s e a d   o i l   f a t t y   m i x t u r e  (Wochem 441)* was used 
as a surfactant ,  but  a t  a r a t e  that  was 20% slower (G63). 
This mixture contained as the  p r inc ipa l  component, l i n o l e i c  a c i d  
CH3(CH2 - CH = CH)3(CH2)7COOH, an unconjugated t r i p l y  u n s a t u r a t e d  f a t t y  
ac id  as w e l l  as s igni f icant  quant i t ies  of  o le ic  ac id  and  l ino le ic  ac id ,  
and some sa tura ted  ac ids .  
* Product of Woburn Chemical Company 
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A f e r r o f l u i d  was not formed when a c o m e r c i a l  chinawood f a t t y   a c i d  
mixture (Wochem 400*) w a s  used (61). A ge l  w a s  formed which when broken 
did not form a magnet ical ly  responsive col loid.  Wochem 400 is  e s s e n t i a l l y  
e leos tear ic  ac id ,  CH3(CH2)3(CH  =CH)3(CH2)7COOH, with  minor  quantities 
of t h e  o t h e r  f a t t y  a c i d s  mentioned above. Eleostearic acid differs from 
l i n o l e i c   a c i d   o n l y   i n   t h e   p o s i t i o n  of the double bonds. 
A run ( 6 5 )  was a l s o  made with unsaponif ied l inseed oi l .*  This  
product i s  the  g lyce ry l  e s t e r  of the  fa t ty  ac id  mixture  used  in  gr ind  G63. 
I n  the e s t e r ,  t h e  f a t t y  a c i d  end group i s  blocked and i s  n o t  f r e e  t o  re- 
act  with the magnetite surface.  Grinding for over 2000 hour s  r e su l t ed  in  
the formation of a dark viscous l iquid but  not  in  the formation of  a 
magnetic colloid.  
Other carboxylic acids examined were myr is t ic  ac id  ( 6 8 )  i n  kerosene 
and  cinnamic  acid (G69) in  te t rahydronaphthalene.  Nei ther  runs resul ted 
in  f e r ro f lu id  fo rma t ion .  
Amines. - I n  Phase I it was observed that dodecyl amine and octa- 
decyl  amine produced stable co l lo ida l  d i spers ions .  With both these 
chemicals the rate of grind was much slower than oleic acid.  A waxy f i lm  
tha t  increased  in  th ickness  wi th  t ime was observed t o  form a t  t h e  sur- 
face of t h e  f e r ro f lu ids  s o  obtained. It was believed due t o  t h e  l imited 
so lub i l i t y  o f ,  t he  amines i n  t h e  hydrocarbons  used (ref.  14).  It was fu r the r  
found t h a t  o c t y l  amine d id  no t  r e su l t  i n  t he  fo rma t ion  of a stable co l lo id .  
To complete the  work on a l i p h a t i c  amine surfactants  in  hydrocarbon 
solvents ,  the fol lowing runs were made: 
Dodecyl amine (1.0 cc/gram magnetite) (62) ) : The r e s u l t s  
were similar to  those  prev ious ly  obta ined  with t h i s  a d d i t i v e  
at a l e v e l  of 0.5 cc/gram  magnetite. After 2000 hours of 
grind the magnetization of the fluid was only 23 gauss. 
Hexadecyl  amine (67): The resu l t s  ob ta ined  wi th  th i s  amine 
are analogous to  those obtained with dodecyl  and octadecyl 
amines.  After 559 hours of grind, the saturation magnetization 
had only reached 6.6 gauss, so  t h e  run was discounted. 
Duomeen L11 (G73): Duomeen L11 is  a beta diamine marketed 
by Armour I n d u s t r i a l  Chemical Co. This compound has  the 
following formula: 
CH3 - (CH2 )9 - CH - CH3 
I 
HN - (CH2)3 - NH2 
* Product of Woburn Chemical Company 
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This  saturated amine has two reactive groups which could interact  
w i th  the  pa r t i c l e  su r face ,  a primary and secondary amine and 
also i s  much more so lub le  in  ke rosene  than  a l ipha t i c  amines (ref-15) 
Unfortunately this  compound behaved i n  an analogous manner t o  
the  s t r a igh t  cha in  amines, de f in i t e  bu t  neg l ig ib l e  f e r ro f lu id  
formation. 
4) Oleyl amine (Gll3): Oleyl amine has  the  same s t ruc tu re  as o l e i c  
acid except  that  the terminal  groups differ .  The carboxylic 
group -COOH, i s  replaced by a primary amino group - C H 2 m 2 .  
This material i s  a l s o  more so lub le  in  ke rosene  than  a l ipha t i c  
amines. The r e s u l t s  o f  t h i s  r u n  were similar t o  t h e  r e s u l t s  
of a l l  the previous runs k n  which amines were used. After 1500 
hours of grinding, the magnetization w a s  less than 23 gauss. 
Alcohols. - One of  the  real  advances in  sur fac tan t  chemis t ry  w a s  t h e  
real izat ion that  e thylene oxide could be used to  syn thes i ze  s l~ r fac t an t s  
of any degree of l ipophilicity or hydrophobicity desired. This comes 
about because ethylene oxide reacts with any active hydrogen t o  form an 
a l coho l   i n   t he   fo l lowing  manner: 
- + “QCH2 - R - CH2 - CH2 - OH 
0 
Since  the  product  of  th i s  reac t ion  i s  an alcohol  that  contains  an 
ac t ive  hydrogen, it will also react with ethylene oxide 
0 
By having a sufficient excess of ethylene oxide any number of ethoxy groups, 
-CH2 - CH2 - 0, can be added t o  a base molecule. Since the ethoxy group 
is  s l igh t ly  hydrophi l ic ,  as  more and more of these adduct links are added 
t o  a base molecule,  the surfactant becomes more and more hydrophi l ic .  In  
t h i s  manner, it i s  p o s s i b l e  t o  change a sur fac tan t  which has great a f f i n i t y  
for non-polar media (aliphatic hydrocarbons ) i n t o  one which h a s   a f f i n i t y  
t o   p o l a r  media such as water. 
A series of grinding tests were performed with different ethylene 
oxide adducts of octyl  phenol . .  These sur fac tan ts  had the following 
general formula 
C8H17 - 0 , - ( 0  - CH2 - C H Z ) ~  - OH 
where  n i s  t h e  number of ethylene oxide units added. In  t h i s  series of 
tests, the average value of n varied from 1 t o  10. Some ve ry  in t e re s t ing  
r e s u l t s  were obtained. 
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The shortest  chain surfactant ,  Tri ton X15 (n  = 1) (G111) was not 
an effective grinding agent.  There were only  t races  of  co l lo id  formed 
even after 1000 hours of grind. 
Tr i ton  X35 (n  = 3 )  (GlO5) proved t o  be  the  most e f fec t ive  gr inding  
addi t ive of  the series for kerosene-magnetite systems. A l l  magnetite 
was reduced t o  c o l l o i d a l  dimensions i n  1150 hours (see Figure 8) .  The 
ra te  cons tan t  i s  4 x 10-3 which i s  comparable to  the  Ten lo  70 systems. 
T h i s  i s  not  surpr is ing s ince Tenlo 70 i s  a l s o  a hydroxy terminaLed 
ethoxy adduct. 
Col loids  of  ever  decreasing s tabi l i ty  are  obtained as the ethoxy 
chian length of the molecule i s  increased. With Tr i ton  X45 ( n  = 5) (~106)~ 
a col loidal  suspension i s  formed a t  about the same rate as with X35, 
(See  Figure 8 ) .  However, t h i s  co l lo ida l  suspens ion  i s  n o t  s t a b l e  f o r  
long periods of time. It was found t o  f l o c c u l a t e  a f t e r  a s h e l f  l i f e  of 
about two months. 
This lack of s t a b i l i t y  i s  even more pronounced with Triton X114 
(n  = 7-8)  (G112). Colloid formation proceeds a t  t he  same i n i t i e l  rate as 
with X35 and X45, but  becomes not iceably s lower af ter  400 hours of grind. 
A peak in  the  so l id s  concen t r a t ion  i s  reached a t  900 hours and then 
rapidly decreased.  The f locculat ion process  cont inued af ter  the gr ind as 
the sol id  separated completely while  on t h e  s h e l f .  
Increas ing  the  number of ethoxy units t o  n = 9-10 with Tri ton X100 
( G l O T ) ,  ~116) r e s u l t s  i n  a b s o l u t e l y  no col loid formation.  
Successful  col loid formation also resul ted when o ley l  a lcohol  was 
used as a sur fac tan t  (GlO3). 
Effect  of  Surface Structure .  - The results of the grinding experiments 
demonst ra te  tha t  the  s t ruc ture  of the s tabi l iz ing agent  used i s  c r i t i c a l .  
It appea r s  t ha t  t he  p r inc ipa l  f ac to r s  were: 
i. The nature  of  the  adsorbing  group, 
ii. The r i g i d i t y  of the adsorbing molecule above a 
c e r t a i n  minimum c r i t i c a l   l e n g t h ,  
iii. The p o l a r i t y  match of  the surfactant  and the solvent .  
It has been found t h a t  some surfactants molecules with carboxylic 
ac id  end groups and hydroxyl end groups have r e su l t ed  in  f e r ro f lu id  fo rma t ion  
when added t o  magnetite being group in kerosene. It has  a lso been that  
none of  the amines used have r e s u l t e d  i n  any substant ive ferrof luid formation.  
These are unexpected findings since fatty amines normally adsorb quite 
s t rongly  on polar surfaces such as i ron oxides .  The amines proved t o  be 
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good d ispers ing  agents  in  the  sed imenta t ion  tests. The l ipoph i l e  s t ruc tu re  
of some of t h e  amines s tudied was i d e n t i c a l  t o  t h a t  o f  s u r f a c t a n t s  t h a t  
had different  terminal  groups and were effect ive gr inding agents  ( v i z . ,  
o l e y l  amine versus  o le ic  ac id  or oleyl  a lcohol ) .  The s o l u b i l i t y  of t he  
amines var ied widely from the l imited solubi l i ty  of  octadecylamine to  
t h e  t o t a l  m i s c i b i l i t y  o f  Duomeen L-11. One poss ib le  explana t ion  for  
t h e s e  r e s u l t s  i s  that grinding of the magnetite occurs because of 5.ts 
s t ruc tu re .  The amines, upon adsorption, are mechanically passive whereas 
other adsorbed groups which r e su l t  i n  g r ind ing  such  as hydroxyl and 
carboxyl  groups,  interact  with the surface to  form cracks and similar 
flaws which weaken t h e  p a r t i c l e s  and lead to  fu r the r  subd iv i s ion .  
The resu l t s  ob ta ined  with the  d i f fe ren t  e ighteen  carbon fa t ty  ac ids  
can be cor re la ted  in  te rms  of  the  so lubi l i ty  of  these  ac ids  in  kerosene .  
Data have been obtained on t h e  s o l u b i l i t i e s  of l i no le i c  ac id ,  o l e i c  ac id ,  
s t e a r i c  a c i d  and s tearo l ic  ac id ,  a t r ip ly  unsa tura ted  ac id  (ref. 16) The 
first t,wo ae ids  exhib i t  h igh  so lubi l i ty  in  hydrocarbons  whi le  the  la t te r  two 
exh ib i t  low s o l u b i l i t y .  Data are  not  ava i lab le  on t h e  s o l u b i l i t y  of 
l ino len ic  ac id  and e l eos t ea r i c  acrid. Based  on t h e  r e s u l t s  w i t h  s t e a r i c  
ac id ,  o le ic  ac id  and l inoleic acid,  the grinding of experiments indicate 
that  t h e  s o l u b i l i t y  o f  t h e s e  compounds in  kerosene i s  l imited.  The 
pa r t i a l  f e r ro f lu id  fo rma t ion  of grind G63 can be accounted for by t h e  
presence of o l e i c  ac id  and l i no le i c  ac id  in  the  p roduc t .  
The lack  of r eac t iv i ty  o f  myr i s t i c  ac id  which i s  a l so  sa tu ra t ed ,  i s  
analogous to  the  behav io r  of s t e a r i c  a c i d .  
Molecules below a cer ta in  length  do n o t  r e s u l t  i n  p a r t i c l e  s t a b i l i z -  
a t i o n .  I n  Phase I, it was found that  undecenoic acid which has eleven 
carbon atoms and one double bond d i d  n o t  r e s u l t  i n  a f e r ro f lu id ,  even 
though it i s  soluble in kerosene. This molecule on the average i s  about 
12 8 long;  oleic  acid which forms a stable suspension i s  about 20 8 long. 
I n  t h i s  phase of t he  program, it was found t h a t  T r i t o n  X15 was not an 
effect ive agent  as well. Since this  molecule i s  even more l ipophi le  than  
X35, one explanation i s  that  the surfactant  molecule  i s  t o o  s h o r t  t o  
provide a s u f f i c i e n t  s t a b i l i z i n g  l a y s r .  The p r i n c i p a l  component  of this ,  
un i t s  l ong  on a molecular scale (C8H17 = 8 A, 
the length of the molecules t o  about 21 8. The s l i g h t  amount of magnetiz- 
a t ion  i s  because of Triton products which are not pure mono-molecular 
species,  so tha t  Tr i ton  X l 5  contains some longer chained species than 
t h e  mono-molecular product. Comparison of the  resu l t s  ob ta ined  wi th  X15  
and X35 establishes t h a t  t h e  l imit ing value on the length of  surfactant  
t o  be  used  has t o  be greater than 15 8 but less than 21 g. , 
product i s  C8H17 - 0 - 0 - CH2 - Ci32 - 8 H  
CB2 - OH = 4 8) .  Tri ton X35 has  three ethylene 
The su r fac t an t  has  to  be matched t o  the solvent.  This i s  e r ident  
from the  resu l t s  ob ta ined  with the longer  members of the  Tr i ton  X s e r i e s .  
The short  chain members are soluble in aliphatic hydrocarbons such as 
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kerosene while the long chain members are not .  Tr i ton  X l 5  and X35 are 
both soluble  in  kerosene at any concentration level. T r i ton  X45 i s  
much less so luble .  It is  only soluble  a t  concentrations greater than  
l O - l 5 $ .  This i s  explained by the fact  t h a t  T r i ton  X45 i s  a mixture 
wi th  respec t  to  polyoxyethylene  cha in  lengt3  wi th  five oxyethylene units 
predominating. The longer polyoxyethylene chain members present are 
i n s o l u b l e  i n  r e f i n e d  p a r a f f i n i c  s o l v e n t s  and only a t  high concentrations 
of  Tr i ton  X45 i s  the re  p re sen t  a suf f ic ien t  concent ra t ion  of  the  shor t  
chain members to  so lubi l ize  comple te ly  the  long  cha in  members. 
Th i s  s i t ua t ion  becomes increas ingly  more pronounced with Tr i ton  X114 
and XlOO where the average chain lengths  increase and the concentrat ion 
of smaller chain components  which a c t  as coupling agents decrease. With 
X l O O  i n   f a c t ,  there i s  no solubi l i ty  whatsoever .  
The dec reas ing  so lub i l i t y  of t h e  s u r f a c t a n t  r e s u l t s  i n  d e c r e a s i n g  
co l lo id  format ion  and  s tab i l i ty .  With X35 a stable co l lo id  was formed; 
with X l O O  no co l lo id  was formed. 
The most i n t e r e s t i n g  r e s u l t s  were obtained with the intermediate 
members where an i n i t i a l l y  stable co l lo id  was formed t h a t  f loccula ted  
with t ime and increasing surface area development. This  behavior can 
be an ind ica t ion  tha t  t h e  shorter molecules in the mixture adsorb 
p r e f e r e n t i a l l y  and so  form a suspension, but as longer chained more 
po la r  su r f ac t an t s  are adsorbed ,  the  compat ib i l i ty  of  the  par t ic les  with 
the solvent changes and flocculation ensues.  If the solvent  i s  changed 
t o  a more polar  one, then the system should remain stable. This i s  
exac t ly  what was done wi th  the  p repa ra t ion  of t h e   e s t e r  base f e r r o f l u i d s .  
Polymeric  Stabi l izers .  - A l l  t h e  s u r f a c t a n t s  l i s t e d  i n  t h e  p r e v i o u s  
sec t ions  are monomeric spec ies .  Some grinding runs were ca r r i ed  with 
polymeric dispersants as grinding agents.  The materials t e s t e d  were 
modified polybutenes marketed by Standard O i l  Co. of New Jersey  as 
ENJAY proaucts 3029, 3355, and 3854. I n  t h e  p a t e n t  l i t e r a t u r e ,  (ref. 17,18) 
these  a re  descr ibed  as subst i tuted succinimides made by adding one or 
more carboxylic group t o  a high molecular w e i g h t  polybutene. This complex 
carboxylic acid can be r eac t ed  wi th  a polyamide t o  form t h e   s t a b i l i z i n g  
agent. Unfortunately, l i t t l e  more i s  known about these materials o ther  
t han  tha t  t hey  have been  successfu l ly  used  to  s tab i l ize  co l lo ida l  suspens ions  
of leaded g a s o l i n e  i n  l u b r i c a t i n g  o i l  a t  temperatures as high as 6 0 0 ~ ~ .  
These compounds were inc luded  in  the  program s ince  they  o f fe red  an 
a l t e r n a t e   p o t e n t i a l  method of  synthesizing a high temperature fluid.  
Grinding maset i te  with ENJAY 3029 r e su l t ed   i n   t he   fo rma t ion   o f  a 
f e r r o f l u i d   i n  1100 hours  of  gr inding  wi thsubs tan t ia l  addi t ion  of  
su r fac t an t  du r ing  the  run  (95 g r ) .  Grinding with ENJAY 3355 (GgO) 
r e s u l t e d  i n  a f e r r o f l u i d  i n  less than 1000 hours. The rate cons tan t  for  
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t h i s  r u n  was K1 = 2.7 x 10-3 h r s - l .  However, both these products 
f l o c c u l a t e d  i n  l e s s  t h a n  a month while on t h e  s h e l f .  
This was not the case,  however, with ENJAY 3854. The product  formed 
wi th  th i s  agen t  was stable after gr inding .  In  fac t ,  as i s  d i scussed  in  
a subsequent section on the rma l  s t ab i l i t y ,  t he  f e r ro f lu ids  r e su l t i ng  from 
grinds ~ 9 6  and GlOl a r e  t h e  most s t ab le  f e r ro f lu ids  p repa red  to  date. 
These runs were a l so  very  rap id .  A product was ob ta ined  in  l e s s  t han  
500 hours  of  pinding t ime in  both cases .  The rate constant  fol  these 
runs was K1 = 7.8 x 10-3 hrs ' l .  This i s  twice the rate  observed with 
Tenlo 70/kerosene and nearly three times the  ra te  observed  wi th  o le ic  
acid.  
It i s  unfortunate  that  detai led information i s  not  ava i lab le  on t h e  
s t r u c t u r e  of these polymers. Key information required would be molecular 
weight,  and number and type of polar groups. It i s  be l ieved  tha t  these  
molecules  s tabi l ize  a par t ic le  in  suspension by coi l ing and adsorbing 
on the  pa r t i c l e  su r face .  However, i f  t he re  i s  a mismatch  between the  
length of the s tabi l izer  molecule  and the par t ic le  diameter ,  i t  i s  conceiv- 
able  that  s imultaneous adsorpt ion of  a given molecule on  more than one 
particle could occur,  as with the Tamol 731/water systems. The Dolar 
groups  and the i r   spac ing  are a l s o  c r i t i c a l .  Rowland e t  a l ,  ( r e f .  19) 
d i s c u s s  i n  more de t a i l  t h e  s t r u c t u r e  of macro-molecules adsorbed a t  a 
l i qu id - so l id  in t e r f ace .  
MAGNETIC PROPERTIES OF FERROFLUIDS 
This  sec t ion  repor t s  the  pr inc ipa l  resu l t s  ob ta ined  on t h e  
magnetic properties of a number of magnet i te  fe r rof lu ids  of varying 
c a r r i e r  l i q u i d ,  p a r t i c l e  s i z e  and par t ic le  concent ra t ion .  
Experimental Measurements 
Magnetization Measurements. - The magnetization of a f e r r o f l u i d ,  
M, i n  an appl ied magnet ic  f ie ld ,  H, was  obtained by a standard search 
co i l  t echnique .  The def lect ion obtained on a b a l l i s t i c  galvanometer when 
a capsule containing a c y l i n d r i c a l  sample of f e r r o f l u i d  (1.00 in .  l ong  
x 0.25 in .  diameter)  i s  r ap id ly  removed from a sea rch  co i l  p l aced  in  a 
f i e l d  H, i s  d i r ec t ly  p ropor t iona l  t o  the  f lu id  magne t i za t ion ,  M. Cali- 
b ra t ion  i s  against  a standard pure nickel sample of equal shape and volume 
as the  f e r ro f  u id .  The applied magnetic fdeld could be varied between 
116 oe  and 10 oe. A more de ta i led  descr ip t ion  of the  apparatus  appeared 
i n  t h e  Phase I repor t  ( re f .  20) .  It should be noted that the magnetization 
values  presented in  the Phase I repor t  are too high by a constant  cal ihra-  
t i o n  e r r o r .  A cor rec t ion  fac tor  of  0.74.5 should be applied to  these  va lues .  
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par t i c l e  S ize  Di s t r ibu t ion .  - The p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  
d i f f e r e n t   f e r r o f l u i d s  was  obtained by measuring the Martin's diameter (ref.  
21) of 250 p a r t i c l e s  on an electron micrograph. The electron micrograph 
w a s  a t  maximum magnification (32O,OOOX and then 400,OOOX). The 
reso lu t ion  was of the  order  of 10 8. 
The cumulative number concentration w a s  p lo t t ed  aga ins t  pa r t i c l e  
diameter on s tandard log-probabi l i ty  paper .  The best s t r a i g h t  l i n e  was 
drawn through the data,  i .e . ,  t he  da t a  was f i t t e d   t o  a log-normal 
d is t r ibu t ion .  This  p lo t  y ie lded  both  GG, the geometric number average 
diameter, and " G  the geometric standard deviation which are needed t o  
calculate  other  s tandard diameter by usual methods [ r e f .  22).  It i s  then 
I possible  to ca lcu la t e   t he   a r i t hme t i c   ave rage   pa r t i c l e  volume, v, where: 
and 
- 
DSA = 
Dm = arithmetic length average particle diameter 
DNA = ar i thmetic  number average  par t ic le  diameter 
ari thmetic surface average particle diame-ter 
- 
- 
Particle Concentratlon. - A measure of t h e  volumetric concentration 
of a co l lo id  i s  obtained from i t s  dens i ty  p : 
where 
ED = volumetric concentration of solids in suspension based 
on dens i ty  
PC = dens i ty  of so l id  par t ic le  core  in  suspens ion  
PL = densi ty  of the  l iqu id  phase  
The value of P i s  e a s i l y   o b t a i n e d   i n  a tared pycnometer. The 
value, P i s  the   dens i ty  of the  magnet ic   sol id   in   suspension which i s  
a well-defmed  parameter. It i s  presumably  independent of p a r t i c l e  s i z e .  
The densi ty  of the l iquid phase,  ,DL, i s  the  dens i ty  of the  so lvent /  
s tabi l iz ing agent  mixture .  In  many -instances,  these values are similar 
and P L  can be taken t o  be the  solvent  densTty,  Po.  
43 
Materials 
The f e r r o f l u i d s  t h a t  are cons ide red  in  th i s  s ec t ion  va r i ed  wide ly  i n  
composition and p rope r t i e s .  They are l is ted below: 
1. G-4-5-6 Flu id  - This f l u i d  i s  the product of combined grinds 
&-5-6 t h a t  w a s  c e n t r i f u g e d  i n  the standard manner. It is  a 
kerosene-oleic acid-magnetite system. 
2. G-44 Flu id  - This  f lu id  i s  the product of S i n d  G-44 that 
was cen t r i fuged  in  t h e  usua l  manner. It is  a kerosene- 
Tenlo 70 magnetite system. 
3. G - 2 1  F lu id  - This f l u i d  i s  the product of grind G - 2 1  t h a t  
was c e n t r i f u g d  i n  t h e  u s u a l  manner. It i s  a kerosene-oleic 
acid-magnetite system. 
The p rope r t i e s  of t h e  above t h r e e  f l u i d s  and products of increasing 
magnetization obtained from these fluids by vacuum evaporation were 
r e p o r t e d  i n  the Phase I r e p o r t ( r e f .  2 3 ) .  
4. F lu id  1006 - T h i s  f l u i d  was obtained from grind G-64 (heptane- 
o l e i c  ac id -  magne t i t e ) .  500 m l  of G-64 f l u i d  were d i l u t e d  
with 150 ml of kerosene t o   y i e l d  a product wi th  a magnetiz- 
a t i o n  of 52 gauss a t  lo4 oe.  This intermediate was c e n t r i -  
fuged a t  17000 g f o r  2 hours. The upper two-thirds of the 
l i q u i d  from the cent r i fuge  tube  was then concentrated 
under vacuum t o  yield the product .  
5. Fluid 1008 - This  f lu id  was obtained  by a )  d i l u t i n g  
400 ml of centrifuged product from grind G-77 (kerosene- 
Tenlo 70-magnetite) with kerosene t o  40 gauss a t  lo4 oe. ; 
b )  cen t r i fug ing  th i s  i n t e rmed ia t e  fo r  1 hour a t  17000 g; 
c )  removing the  top  two- th i rd  f r ac t ion  and d )  reconcentrat-  
ing   by  vacuum evaporation. 
6 ,  Fluid 1032 - This  f l u i d  was obtained from the sediment 
a t  the bot tom of  the centr i fuge tubes af ter  grind G-77 
was cen t r i fuged  for  10 minutes a t  17000  g. T h i s  
sediment was red ispersed  in  kerosene  that contained 
an  excess  of  Tenlo 70. This intermediate was then  
placed i n  a magnet ic  concent ra t ion  ce l l  for  one week. 
F lu id  1032 i s  t h e  gap product from t h i s  operation, 
centr i fuged for  10 minutes a t  2000 g. The amount 
of kerosene was v a r i e d  t o  o b t a i n  samples of different 
magnetization and viscosity.  
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7 .  Fluid 1042 - Fluid 1042 is the product from grind ~ 1 1 8  
(Freon E-3-HFPO Decamer acid-magnetite) centrifuged 
i n  t h e  u s u a l  manner. The concentration of samples 
of t h i s  l i q u i d  was va r i ed  to  ob ta in  measurements of 
v i s c o s i t y  as a function of magnetization. 
8-9. Fluids 1043 and 1044 - A 128 gr sample of Fluid 1042 was 
p l a c e d  i n  a magnetic concentration cell .  After 216 hours 
the f lu id  ou t s ide  the  po le  f aces  (bu lk  f lu id )  was 
separated from t h e   f l u i d  between the  po le  f aces  o f  t he  
magnet (gap f luid) .  Fluid 1043 is t h e  gap f lu id  whi le  
F lu id  1044 i s  the  bulk  f lu id .  The two cuts  weighed 
32.9 gr and 95.3 r, respect ively.  
10. Fluid 1054 - Fluid 1045 i s  the product from grind Gl lg  
Freon E-3-HFPO Decamer acid-magnetite) centrifuged in 
the  usua l  manner. Different  samples  of t h i s  l i q u i d  
were concentrated t o  o b t a i n  measurements of v i scos i ty  
as a function of magnetization. 
11-12. Fluids  1046  and  1047 - Fluid 1046 i s  the gap l i q u i d  and 
Fluid 1047 is  the  bulk l iquid obtained from a 129 gr 
sample of F lu id  1045 after 216 hours i n   t h e  magnetic 
concentrator.  The gap f l u i d  weighed 17.5 gr and t h e  
bu lk  f lu id  weighed 111.1 gr. 
13-14. Fluids  G80T and G80B - These f l u i d s  are the product of 
grind G80 (Water-Tamol 731-magnetite). A s  mentioned 
already in 'a  previous sect ion;  t h i s  b i n d  had shown 
some anomalous behavior a t  t h e  end of the run. 
However, s ince  t h i s  w a s  t he  first water base dispers ion 
prepared up t o  t h a t  time, it e l i c i t e d  some cu r ios i ty .  
The grind product w a s  cen t r i fuged  for  10 minutes at 
17000 g. A l a r g e  f r a c t i o n  of t he  so l ld s  in  suspens ion  
sedimented.  These  bottoms were r ed i spe r sed  in  
d i s t i l l ed  water and centrifuged for 2000 g. f o r  10 
minutes. The r e s u l t i n g  l i q u i d  was  ca l l ed  G80B 
(bottoms). The overhead  product  from the f irst  
cent r i fuga t ion  was ca l l ed  G8OT ( tops ) .  ~ 8 0 ~  was 
stable for about 6 weeks and then  turned  in to  a 
g e l  which was repept i ied  by  addi t ion  of more 
s t ab i l i z ing  agen t s .  
15. Fluid 1048 - This i s  the product  from  grind GI04 
(Water-Aerosol c-61 magnetite).  Samples of th is  
l i q u i d  were concentrated by vacuum evaporation t o  
obtain  magnet izat ion  viscosi ty   curves .  
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16. 
17 
18. 
Fluid  1068 - This  f lu id  i s  the product of grind H - 1  
?Kerosene-Tenlo 70-magnetite), prepared i n  a 27 gallon 
m i l l  (Table 2 ) . 
Fluid  1069 - Samples of Fluid 1068 were sub jec t ed  to  
magnet ic  d ia lys i s  in  a 2000 oe/cm magnetic f i e ld  
gradient for periods varying from 24-48  hours. About 
20% of t h e  o r i g i n a l  f e e d  l i q u i d  remained suspended 
i n  t h e  c e l l  i n  a 2500 oe f ie ld .  The combined product 
of nurnerous experiments was Flu id  1069 (Table 2 ), 
Fluid  1070 - Samples of Fluid 1069 were sub jec t ed  to  a 
second s t age  of magnet ic  dialysis  as described above. 
The core  l iqu id  of these experiments was Flu id  1070 
(Table 2 ) 
EXperimental Results 
Magnet izat ion curves for  three ferrof luids  of dit7ferent average 
p a r t i c l e  s i z e  saturation magnetization and c a r r i e r  l i q u i d  are presented 
in  F igu re  9. It was found t h a t  t h e  average s ize  of t h e  p a r t i c l e s  i n  
suspension has a major  effect  on t h e  shape of the magnetization curve. 
This i s  shown by p l o t t i n g  ML/MH against  average particle diameter - D: as i s  done in  F igu re  10 f o r  a number or' d i f f e r e n t  f l u i d s .  % i s  t h e  
f lu id  magnet iza t ion  in  a low applied f i e l d  (HL = 116 oe ) ,  MH is 
f lu id  magnet iza t ion  in  a h igh  appl ied  f ie ld  ( H ~  = 10 4 oe ) .  The ra t . io  
M L / M ~  i s  a measure  of the shape of the magnetization curve.  D i s  an 
average par t ic le  diameter  def ined as 
- 
The value  of  and cG from  which F i s  obtained for each   f lu id  are 
presented in  Table  5 .  
- 
It was already reported that  the high f ie ld  magnet izat ion,  M;;, of 
a f e r r o f l u i d  i n c r e a s e s  l i n e a r l y  as the  vo lumet r i c  f r ac t ion  so l id s  in  
suspension increases, MR - e D. There i s  l i t t l e  e f f e c t  of MH on t h e  
shape of the magnetization curve. For some f l u i d s  a t  high values of MH 
( -700 gauss)  there  was a s l i g h t  i n c r e a s e  i n  t h e  r a t i o  ML/MH. 
If eve ry  pa r t i c l e  i n  suspens ion  were an a l igned  s ing le  domain, t h e  
r a t i o  of MH/I~ would be 2 d i r e c t  measure of the volumetric concentration 
of so l id s  in  suspens ion .  The r a t i o  of t h i s  measure  of par t ic le  concent ra -  
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Table 5 - SIZE DISTRIBUTTON  OF  COLLOIDAL  MAGNETITE  IN  FERROFLUIDS 
Data 
Point 
". ~ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
Fluid 
- 
G4- 5 -6 
G44 
G21 
1006 
1008 
1032 
1042 
1043 
1044 
104 5 
1046 
1047 
G80T 
G80B 
1048 
1063 
_- 
d - G 
~~~ 
1.32 
1.46 
1-37 
1-73 
1-73 
1-75 
1.98 
1-73 
1.96 
1.70 
1.64 
1.75 
1.48 
1.66 
1.63 
1.78 
- " 
3: - 
110 
90 
134 
75 
88 
136 
100 
120 
88 
72 
80 
64 
92 
124 
140 
86 
"H 
.214 
,288 
,212 
,091 
.105 
.42 
,246 
* 299 
.150 
.144 
,229 
,109 
-352 
9 525 
.505 
.22 
tion,  which  is  designated  as f M, can  be  prepared to the  volumetric 
pai*ticle  concentration  obtained  by  density  measurements, e D a  
In all cases,  it  was  found  that 
€ M  K =  < 1  
e D  
are  shown  in  Table 6. The  value K is  a  measure  of  non-magnetic  solid 
inclusions  that  are  suspension  and  was  called  the  conversion  factor, 
It was  found  that K increases  with 5 for  different  fluids  ?.nvestigated, 
as  shown in Figure 11. 
Discussion  of  Magnetization  Results 
Theory. - The  experimental  results  can  be  interpreted  by  treating  a 
ferrofluid  as  a  suspension  of  independent,  subdomain,  superparamagnetic 
particles.  According to this  theory,  the  magnetization  of  a  ferrofluid 
is  represented  by  the  following  equation: 
[cot. (viMdH )- hkT nivi 
M - i = l  4~1;T viMdH 
fk c 1 (13) ni  Vi i = l  
In the  above  equation, k is  Boltzman's  constant  and  the  other t rm 
are  defined in the  next  paragraph. 
According to this  equation,  the  magnetization  of  a  fluid M due to 
a  magnetic  field H at  a  given  temperature T, is  a  function  of  the  following 
parameters : 
a. The  domain  magnetization  of  the  magnetic  substance in 
suspensi.on Q, e.g.,  composition  of  the  suspensoid. 
b.  The  particle  distribution of the  suspensoid,  ni  being 
the  concentration  of  particles  of  volume  vi. 
e. The  volumetrlc  concentration of magnetic  powder in 
suspension, f . 
The  assumptions  implicit in the  above  equation  are  that 
a.  The  particles  are  sub-domain in size  which  establishes 
a  critical  upper  limit to particle  size. 
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G44 
1006 
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1648 
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Table 6 - EFFECT  OF AVERAGE PARTICLE DIAMETER ON TRANSLATION 
OF MAGTSETIC PROPERTIES TO A FERROFLUID 
Average Pa r t i c l e  
Diameter, 3, 8 
110 
90 
90 
75 
88 
136 
10G 
120 
88 
'T2 
80 
54 
124 
140 
86 
aBased on density meascrement : 
b A t  H = 10,000 oersted- 
Fluid 
)ensity, 
)> gr/cm: 
~ ~~~ 
Volumetrica 
loading, E D, 
percent 
1.52 
3.99 
7 -90  
2.44 
4.89 
2.1.4 
16.6 
12.8 
2.76 
2.68 
6.10 
2.60 
0.95 
2.40 
2.78 
1 I I  
1 
Magnetization 
of Fluidb 
MH., gauss 
Volumetric 
loading, E M, 
percent 
C 
0.84 
2.90 
2.30 
7.65 
1.81 
1 - 5 5  
2-95 
1.09 
1.42 
3.48 
1.20 
0.73 
2.01 
1.90 
12.1 
Conversion 
K = 'M/'D 
0.55 
0.72 
0.73 
0.29 
0.60 
0.56 
0.60 
0.52 
0.53 
0.57 
0.46 
0.78 
0.84 
0.75 
0.68 
C Based on magnetization measurement: E f i I  = MH 
Md 
I .o 
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Figure 11 TRANSLATION OF MAGNETIC PROPERTIES OF PARTICLES TOA FERROFLUID 
b. There i s  no in t e rac t ion  between t h e  p a r t i c l e s .  Such 
in t e rac t ions  would occur i f  t h e   p a r t i c l e s  are 
improperly shielded or  possibly too closely packed. 
11 I,! I n  accordance with this theory,  it was  found t h a t :  
I a. t he   s i ze   o f   t he   pa r t i c l e s   i n   u spens ion  had a major 
inf luence on the magnet izat ion character is t ics ,  
b. f luid magnet izat ion increased as t h e  p a r t i c l e  
concentration, 
c .  t h e  c a r r i e r  f l u i d  was magnet ical ly  iner t .  
Ef fec t  o f  Par t ic le  S ize .  - The experimental  values  of  the rat io  
M T , / M ~  as a funct ion of  average par t ic le  diameter IT f o r  t h e  d i f f e r e n t  
fg r ro f lu ids ,  were compared t o  t h e  v a l u e s  of ML/MH t h a t  would be obtained 
with monodisperse superparamagnetic suspensions of magnetite as a function 
O f  par t ic le  d iameter .  The value O f  ML/ E Md and MH/ € Md are each unique 
func t ions  of  par t ic le  diameter D as shown in  F igu re  12. As can be seen 
i n  t h i s  f i g u r e ,  MI,/€ Md varies  rapidly with diameter  in  the 50 8 - 150 8 
range,  but  that  M H / C  Q var i e s  l i t t l e  i n   t h e  same s i z e  rBnge and fu r the r -  
more approaches  sa tura t ion  for  par t ic les  la rger  than  80 A. 
Since each curve i s  a unique function of D, t h e  r a t i o  
i s  a l s o  a unique  function  of D. T h i s  r a t i o  i s  furthermore,  independent 
of par t ic le  concent ra t ion .  
The calculated value of ML/MH as a function of D f o r  a monodisperse 
system of magnetite spheres i s  a l s o  p l o t t e d  i n  F i g u r e  10. The experimental 
par t s  fo l low th is  curve  qui te  c lose ly .  This  f ind ing  suppor ts  the  
assumption of super-paramagnetism. 
I 
The co r re l a t ion  i s  better than expected from the results of e lec t ron  
micrograph counts. There w a s  poor  concordance  between two separate  
counts ,  espec ia l ly  for  the  smaller sized systems. This was  a l ready 
discussed in  Phase I with the counts  for  gr ind &4 (ref. 18). me pr inc ipa l  
reasons are : 
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Figure 1 2  MAGNETIZATION OF EQUAL SIZED PARTICLES OF MAGNETITE 
(Md = 5660 GAUSS) IN HIGH AND LOW FIELDS  AS  A 
FUNCTION OF PARTICLE SIZE 
! 
i. The p a r t i c l e  s i z e  i s  approaching  the l i m i  
resolut ion  of   the  instrument  which is  10 1 . OI" 
Even a t  400,000 X, p a r t i c l e s  smaller than 30 A 
in  diameter  can a t  best  be discerned,  but  not  
measured. 
ii. There i s  par t ic le  agglomera t ion  in  some of t h e  
photographs. It i s  d i f f i c u l t  t o  d i s c e r n  
between a mass of small p a r t i c l e s  and a l a rge  
p a r t i c l e .  
If t h e r e  had been extensive association between particles in the fluid. ,  
the extent of agglomeration would have increased sharply with 
increas ing  par t ic le  concent ra t ion .  The r a t i o  IvIL/M~ would  have increased 
i n  t u r n .  I n  g e n e r a l ,  t h i s  was not  observed. 
Effect of Carrier Liquid. - It i s  t o  be no ted  tha t  t hese  r e su l t s  
include ferrof luids  prepared in  different  carr ier  l iquids .  This  confirms 
the point  that  the magnet ic  propert ies  are  solely due t o  t h e  suspended 
p a r t i c l e s .  
"
Conversion of Particle Magnetic Properties. - It was found t h a t  t h e  
"""" 
volume concentrat ion sol ids  calculated from dens i ty  measurements was 
always higher than would be predicted from the high f ie ld  magnet izat ion 
of the f luid.  Three different  arguments  can be proposed t o  account for 
t h i s  f e e l i n g :  
i. The presence of dtscrete non-magnetic particles in 
suspension introduced by the grinding operation, 
ii. Incomplete  saturat lon of  the ferrof luid due t o  
super-paramagnetic effect.s, 
iii. Formation  of a magnetically inactive surface layer. .  
The increase 03 the conversion K with 5 suggests a r e l a t ionsh ip  
invo lv ing  the  su r face  to  volume r a t i o  of t h e  p a r t i c l e s .  The system 
could be t r e a t e d  as though each core particles consists of a magnetic 
kernel  surrounded  by a non-magnetic  mantle  of  thickness, 5 . The 
conversion  could  then be expressed   in  terms o f   t h e   r a t i o  E as follows 
K = (1 - 2 
The so i d  l i n e s  drawn An Figure 11 are gecerated by assuming values 
of 4 = 5 $ and [ =  10 A. The data f a l l  e s s e n t i a l l y   i n  t h e  region 
enclosed by these l ines .  One can speculate as to  the  cause  of such a 
non-magnetic mantle, which Could be of either mechanical or chemical origin.  
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A non-magnetic layer could be due to  the  g r ind ing  ac t ion  o f  t he  
m i l l .  One p o s s i b i l i t y  i s  that "micro-cracks" are formed on breakage and 
t h a t  these micro-cracks al ter t h e  c r y s t a l  s t r u c t u r e  o f  t h e  p a r t i c l e s .  The 
p a r t i c l e  i s ,  therefore ,  par t ia l ly  demagnet ized.  Richter  and Dietr ich(ref .25)  
found that  the specif ic  saturat ion magnet izat ion of  bar ium and strontium 
ferr i te  decreases  with increasing mil l ing time b u t   t h i s   r e d u c t i o n  dis-  
appears i f  t h e  powders are annealed a t  about 1000°C. They argued that 
mi l l ing  in t roduces  la t t ice  defec ts  in to  the  par t ic le  s t ruc ture .  At tempts  
were made t o  determine the effects  of  anneal ing on the magnetization of 
p a r t i c l e s  from a f e r r o f l u i d  t h a t  had been evaporated t o  dryness. This 
powder s t i l l  contained an extensive organic coating which had t o  be 
removed. Heating of t h e  c o a t e d  p a r t i c l e s  i n  air resul ted in  removal  of  
the organic  coat ing and a l s o   i n  a subs tan t ia l  reduct ion  in  magnet iza t ion  
of t h e  powder presumably due to  pa r t i a l  ox ida t ion  o f  t he  magne t i t e .  Re-  
moval of the organic coating under non-oxidative conditions would not be 
any more sat isfactory because of t h e   p o s s i b i l i t y  of reducing magnetite 
t o  FeO or Fe.  Another p o s s i b l i t y  i s  that  during the gr inding operat ion,  
t h e  p a r t i c l e s  abrade the  a l l  and tha t  the  abras ion  products  adhere  to  
the surface of the magnetic particles by secondary valence forces.  It 
i s  not possible to distinguish between magnetic and such non-magnetic 
p a r t i c l e s  on t h e  electron micrographs.  
A non-magnetic surface layer could be due t o  chemical action as 
wel l .  The surface atoms  of magnetite could react with an adsorbed 
spec ies ,  such  as  an  o le ic  ac id ,  to  form a non-magnetic i ron carboxylate .  
The surface atoms could also be oxidized to non-magnetic Fe2O3. 
A dried sample of f e r r o f l u i d  1042 was examined by x - ray  d i f f r ac t ion  
for  the presence of  a non-spinel phase. Line broadening due t o  t h e  small 
s i z e  of t h e  p a r t i c l e s  i n t e r f e r e d  w i t h  t he  measurements.  Only a s p i n e l  
phase was detected.  This technique  also  gives  an  IternaAe  measure  of 
the average par t ic le  volume. A volume of b of 90 B + 10 A w a s  found f o r  
t h i s  f e r r o f l u i d  which i s  i n  good agreement w i t h  t h e  zther measurements. 
Other possible reasons for the lack of complete conversion of 
magnetic properties are formation of discrete  non-magnet ic  par t ic les  and 
super-paramagnetic effects. 
While a c e r t a i n  amount of contamination i s  expected from wear of 
t h e  balls in  the  gr inding  opera t ion ,  much wider v a r i a t i o n s  i n  K would 
have been expected for the different f luids studied because of the 
var ia t ion  in  pos t -gr inding  t rea tment .  For example, f l u i d s  1006 and 1008 
were subjec ted  to  ex tens ive  cent r i fuga t ion ,  f lu id  1042 was only subjected 
t o  standard centrifugation while fluids 1043 and 1044 are the bulk and 
gap f luids  obtained from magnetic dialysis of 1042. If t h e  system  con- 
s is ted of  discrete  magnet ic  and non-magnetic p a r t i c l e s ,  a marked increase 
i n  magnetization should have been observed i n  a gap f l u i d  and a marked 
decrease  in  the  bulk  f lu id .  This was never observed even after repeated 
cycl ing of a ferrofluid through the magnetic dialyzer.  
It will be r e c a l l e d   t h a t  MH i s  based on magnetization measurements 
i n  a 10 4 oe f i e l d  so t h a t  some of  the  smaller pa r t i c l e s   i n   suspens ion  
might not be sa tu ra t ed  and thus  the  to ta l  magnet i te  conten t  i s  not 
detected.  This e f f e c t  would become more important with decreasing 
p a r t i c l e  s ize .  With l imited magnet ic  f ie lds ,  the magnet izat ion saturat ion 
of a f l u i d  can be obtained from a p l o t  of f luid magnet izat ion,  M versus 
1 1 / H  and e x t r a p o l a t i n g   t o   t h e   o r d i n a t e .  For f l u i d  1006 th is   t echnique  
1. y i e l d s  a value  of MH = 200 gauss as compared t o  a value  of MH = 175 gauss 
I ( H  = 10,000 oe ) .  For t h i s  most f i ne ly   d iv ided  system,  super-paramagnetic I 
ef fec ts  on ly  account  for  12 percent of the magnetization loss. 
I n h e r e n t  i n  t h e  aboTT- d iscuss ion  i s  the assumption that  the domain 
magnetization, Q, i s  a material constant and i s  size independent.  
Langevin theory w a s  app l i ed  in  the  p re sen t  t r ea tmen t  t o  a system of 
magne t i c  pa r t i c l e s  t ha t  are subjected to  thermal  motion and are f r e e l y  
suspended i n  a l i q u i d  medium. Magnet izat ion of  the l iquid in  a magnetic 
f i e l d  i s  due t o   t h e  alignment of the magnetic vector of the individual 
p a r t i c l e s  b y  r o t a t i o n  of t h e  p a r t i c l e  as a whole. Possible super-para- 
magnet ic  effects  within a p a r t i c l e  and r o t a t i o n  of t h e  magnetic vector 
wi th in  a p a r t i c l e  were not considered. If the re  i s  a combined Lmgevin 
e f f e c t  due t o  d i s o r d e r  among a family of  par t ic les ,  then  the  present  
t reatment  of  the magnet izat ion propert ies  i s  inva l id .  A simple method 
of t e s t i n g  t h i s  hypothesis i s  t o  measure the magnetization curve of a 
sample  of a f e r r o f l u i d  a t  two temperatures. The f irst  measurement i s  
performed above the  f r eez ing  po in t  of t he  co rne r  l i qu id  and the  second 
a t  a temperature below the freazing point.  If t h e r e  i s  a combined 
Langevin e f f ec t ,  a f t e r  co r rec t ing  fo r  t empera tu re ,  a d i f f e r e n c e  i n  t h e  
magnetization curves should be observed. 
VISCOSITY OF  ERROFLUIDS 
In t roduct ion  
The v i s c o s i t y  s t u d i e s  i n i t i a t e d .  i n  t h e  first phase of t h e  program 
were continued. The p r i n c i p a l  areas inves t iga t ed  were: 
1) Measurement of t h e  v i s c o s i t y  of a number of f e r r o f l u i d s  
as a function of magnetization and shear rate, 
2 )  Determinat ion of  the effect  of  the surfactant  on t h e  
v iscos i ty  of  a f e r r o f l u i d ,  
3)  Development of f lu ids  of  lower  v iscos i ty  and higher 
magnetization, 
4) Measurement of t h e  e f f e c t  of an  appl ied  f ie ld  on 
t h e   v i s c o s i t y  of a magnet ic  f luid.  
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Experimental Method 
The v i s c o s i t y  of f e r r o f l u i d s  was measured i n  a Wells-Brookfield 
cone/plate tnicroviscometer rather than in  the cap-i l lary tube viscometers  
used in  the  prev ious  phase  of  the  program. I n  t h i s  d e v i c e  t h e  f l u i d  i s  
placed between a f l a t  p l a t e  and a r o t a t i n g  cone and t h e  v i s c o s i t y  i s  
obtained from the torque necessary t o  keep the cone i n   r o t a t i o n  at a 
given  speed. The cone/plate viscometer i s  we l l  su i t ed  to  the  needs  of 
the  present  -L;rogram: 
i. A very small sample (1.0 c c )  i s  r e q u i r e d  f o r  t h e  
measurement. 
il, It i s  p o s s i b l e  t o  measure v iscos i ty  over  a range  of 
d i sc re t e  shea r  r a t e s .  The instrument was designed 
t o  measure 3 i s c o s i t i e s  in the  range 0-2000 cp a t  
d iscre te  shear  rates whicli var ied incremental ly  
from 1.15 s e c - 1  t o  230 see-1. 
iii. In  add i t ion  to  s t anda rd  measurements a t  constant 
rtite of shear it i s  p o s s i b l e  t o  measure t h e  v i s c o s i t y  
Of nore . C ~ S C O U S  l i q u i d s  a t  lower  var iab le  ra tes  of 
shear by a torque relaxat,ion technique ( ref .  26) 
technique extended the normal range of t h e  inst,rument 
by two orders of magnitude. 
i v .  With some modifications it i s  p o s s i b l e  t o  measure 
v i scos i ty  i n  2 magnetic f i e l d .  With this  instrument  
t h e  small sample s i z e  means t h a t  a correspondingly 
s m d l  uniform f i e l d  volume has t o  be generated. 
There bs no overall  bulk motion of the f lu ' id  which 
could be accelerated by gradiepts and t h u s  r e s u l t  
in erroneous  values.   Rrthermore,   the  complete 
assembly exposes e s s e r t i a l l y  no f r e e  f l u i d  s u r f a c e  
s o  t h a t  t h e  problem of  sur face  ins tab i l i t i es  
( sp ikes )  formed. a f e r r o f l u i d  i n  t h e  p r e s e n c e  of 
normal  magnetic  Yield i s  minimized. The modi.fi- 
c a t i o n s  e s s e n t i a l l y  e n t a i l  the  separa t ion  by  a 
f l e x i b l e  s h a f t  of t h e  motor and gears, which are 
suscept ib le  t o  magnetic fields,  from the cone/plate 
asserni:ly and sensing head which are made of non- 
magnetic  materials.  The cooperation  of  Brookfield 
Enginewing Laborator ies  in  the necessary modif i -  
cakions i s  gra te f l l l ly  acknowledged. 
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Viscos i ty  Measurements of Typical  Ferrof luids  
The v a r i a t i o n  of viscosity with magnetization, MH, was measured over 
a decade of shear rates f o r  a number of f e r r o f l u i d s  i n  t h e  a b s e n c e  of 
a magnetic f ield.  Typ ica l  r e su l t s  are presented  in  F igure  13 f o r  a 
water base f l u i d  (1048), a fluorocarbon base f l u i d  (1045), and two 
kerosene base systems, f luid G44 one of  the  s t ronges t  f lu ids  prepared  
dur ing  the  firsf, phase of the program, and fluid 1032, a f l u i d  oi lower 
v i s c o s i t y  produced during the present program. In a l l  cases ,  there  i s  
an increase in  viscosi ty  with magnet izat ion that  becomes more pronounced 
with increasing magnetiza-kion until  a l imiting magnetization value i s  
reached. All t h e  l i q u i d s  e x h i b i t  Newtonian behavior i n  r eg ions  of  low 
magnetization but develop non-Newtonian f l o w  c h a r a c t e r i s t i c s  t h a t  are 
more or less pronounced depending on the system, as t h e  l i m i t i n g  
magnetization i s  reached.  This i s  demonstrated  for one f l u i d  (1048) i n  
Figure 14. 
I n  a d d i t i o n  t o  t h e  e v i d e n t  e f f e c t s  of  solvent  viscosi ty  and magnetiz- 
a t ion ,  t he  v i scos i ty  of a f e r r o f l u i d  depends on other parameters which 
a re  no t  exp l i c i t  i n  F igu re  13. The p r i n c i p a l  f a c t o r  which s t i l l  has t o  
be taken into account i s  the presence of a s t a b i l i z i n g  l a y e r  around t h e  
p a r t i c l e s  which increases  the apparent  volume fract ion occupied by t h e  
so l id  pa r t i c l e s  i n  suspens ion  -- c a l l  t h i s  volume f r ac t ion ,  8. 
It was shown by E i n s t e i n  t h a t  t h e  v i s c o s i t y  of a di lute  suspension 
of r i g i d  non-intersect ing spheres ,  77 s ,  i s  h igher  than  the  v iscos i ty  of 
the  pure  l iqu id ,  77 o, because  of an increased dissipation of energy 
produced by modification of t h e  f l u i d  motion near  the par t ic le  surface.  
This  re la t ionship can be expressed as follows 
Equation 15  i s  va l id  on ly  fo r  small values of (d where the f low dis turbance 
c rea ted  by one p a r t i c l e  does not  affect  the rest  of  the system. A t  
higher values of J8 t h i s  assumption i s  not  va l id  and  the  overa l l  v i scos i ty  
i s  no longe r  the  same i n d i v i d u a l  e f f e c t s .  Numerous empirical equations 
have been developed t o  treat  t h e  v i s c o s i t y  of concentrated suspensions. 
These have been reviewed recently by Sherman(ref.  21). I n  t h e  p r e s e n t  Work, 
a procedure introduced by DeBruyn was used t o  c h a r a c t e r i z e  t h e  v i s c o s i t y  
o f  f e r ro f lu ids .  Th i s  r e l a t ionsh ip  i s  of t h e  form 
'7, 
7 0  
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In the  above  equation, #c is a critical  concentration  at  which  the 
fluid  becomes  rigid  because  of  close  packing  of  the  particles. As wa  
reported  previously,  !ref. 28)f($,)= 1.55 + 0.05 for 0.7 5 Q(c 5 1. One 
usual  assumption  is  to  treat a suspension as a system or equal  sized 
spheres  that  becomes  rigid  when  it  assumes a hexagonal  close  packed 
configuration (gC = 0.745). 
- 
By  assuming  each  particle  in  suspension  to  be  surrounded  by a rigid 
stabilizing  layer,  the  volumetric  solids  concentratlon, E D ,  is  related 
to $ by  the  ratio  of  the  thickness  of  the  stabilizing  layer, 6 , to  the 
particle  diameter, D. For equal  sizes  non-interacting  spheres  this 
ratio  is 
while  for  spherical  particles  of  varying  sizes,  the  following  expression 
is  used: 
where : 
- 
DNA = number  mean  diameter 
- 
DM = length  mean  diameter 
DsA = surface  mean  diameter 
Substituting  Eq. (17) into (16) and  transposing  terms  leads to the 
following  equation  for  a  ferrofluid 
A s  discussed  in  the  magnetization  section, 
62 
Subst i tut ing equat ion (20) in to  equat ion  (lg), the following equation 
f o r  t h e  v i s c o s i t y  of a f e r r o f l u i d  i s  obtained- 
According t o  t h i s  equat ion ,  f lu id  v iscos i ty ,  71 s,  will depend on domain 
magnetization, conversion and a f i n c t i o n  of t h e  r a t i o  of 6 /D as we l l  
as on MH and rl o, the  parameters  expl ic i t ly  expressed  in  F igure  13. 
This  equat ion also shows t h a t  it is  no t  poss ib l e  to  p red ic t  t he  
v a r i a t i o n  of 71 with MH unless  I) i s  known. Th i s   en t a i l s  a knowledge 
of t he  th i ckness  o f  t he  s t ab i l i z ing  l aye r ,  6 , and  of par t ic le   d iameter .  
It i s  p o s s i b l e  t o  measure D d i r ec t ly ,  bu t  it i s  no t  poss ib l e  to  measure 
by any direct  means. 
However, Equations (19) or (21)  are u s e f u l  as a means of es t imat ing  
the thickness  of t he  s t ab i l i z ing  l aye r  su r round ing  the  pa r t i c l e s  s ince  
a l l  the  other   terms  but  # can  be  measured d i rec t ly .   Us ing  E~ a s  a 
measure  of sol ids  concentrat ion,  i f  Equat ion (19) i s  obeyed, a p l o t  of 
1 ( y";, 7 0 )  versus E D should  yield a s t r a i g h t  l i n e  whose in t e rcep t  
ED 
should  be  numerically  equal t o  $ . I f  t h e  p a r t i c l e  d i s & i b u t i o n  i s  
known, then  can be ca lcu la ted  from Equation (18). 
The v i s c o s i t y  d a t a  from Figure 10 was p l o t t e d   i n  t h i s  manner f o r  
each f l u i d   t o   o b t a l n  a value  of $' . These resulqs   are   presented i n  
Table 7 together w i t h  the  values  of D m  and DNA obtained from 
electron  micrographs  for  each  fluid.  In  each  case a value'of 6 can 
be calculated from these values by a tr ial  and error procedure from 
Equation 18. These r e su l t s  a r e  a l so  p re sen ted  in  Tab le  7.  
For the kerosene/Tenlo 70 systems i n  which t h e  p a r t i c l e  d i s t r i b u t i o n s  
d i f fe r   g rea t ly ,   the   ca lcu la ted   va lues   o f  6 agree   to   wi th in  lo%, which 
can be accounted for by deviation ofolO% in  the  de t e rmina t ion  of the average 
p a r t i c l e  s i z e .  A value of 38 1 + 2 A was found for these systems. Tenlo 
70 was the  sur fac tan t  tha t  p roduced  the  smallest value of 6 i n  kerosene 
t o  d a t e .  
The value  of $ obtained  for   f luorocarbon  base  f luid 1042 w a s  4 .1  
and the value of 6 e q u a l  t o  40 8. S t r u c t u r a l  models  of t h e  HFPO polymer 
acid molecules show t h  m t o  be  r ig id  molecules  in  which the length of  
a m e r  u n i t  i s  about 4 5 . The length of an HFPO decamer acid molccule 
should be approximately 40 8.which i s  i n  agreement with the value of 
found above. 
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The values of # obtained for  water base  f lu id  1048 was 9.0. 
This i s  a higher value than for any of t h e  o t h e r  f l u i d s  examined. The 
value of 6 ob ta ined   i n   t h i s   i n s t ance  i s  84 8. This  value i s  higher 
than  the  va lues  obta ined  to  date i n   e i t h e r  hydrocarbon or fluorocarbon 
systems. One possible  explanat ion i s  t h a t  t h e  s t a b i l i z e r  A e r o s o l  c-61 
i s  a bulky molecule which occupies a l a r g e  volume.  Another p o s s i b i l i t y  
i s  t h a t  it i s  e l ec t r i ca l ly  cha rged  so t h a t  t h e  mechanism of repulsion 
i n  t h i s  c a s e  i s  one of i on ic  r epu l s ion  r a the r  t han  of en t ropic  repuls ion .  
The ionic  double  layers  developed in  this  case could be th icker  than  
the so lva ted  l aye r  due t o  non-ionic species.  
'Table 7 - STABILIZING LAYER THICKNESS  FOR SEISCTED FERROFLUIDS 
, ~ "" ~ 
Kerosene  
S tab i l izer   Tenlo  70 
4.0 3.2 
1042 
__ 
Freon E-3 
HFPO Decamer 
a c i d  
4.1 
162 
100 
63 
40 
1048 
Water 
Aerosol 
c-61 
9.0 
178 
140 
110 
a4 
Preparation of Magnetic Fluids of Low Viscos i ty  
Introduction. - The information  concerning 6 , t h e   s t a b i l i z i n g  
layer  th ickness  for  d i f fe ren t  so lvent / sur fac tan t  sys tems,  was used t o  
prepare magnetic fluids of increased saturation magnetization and lower 
v i scos i ty .  The magnetization of a f l u i d  i n c r e a s e s  as volume concentration 
of  the  core  so l ids :  
The v i scos i ty  inc reases  as a function of t h e  volume Concentration of 
so lva ted   so l id   pa r t i c l e s ,  6. It i s  d.esirable t o  m a k e  t h e  r a t i o  ,Ef - 
K E  n 
"
# as small as possible  since  the  solvated  layer  does  not  contrib&e -
V 
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t o  t h e  magnetic  response. $' increases  as a funct ion  of  6 /D and K 
increases  as D. Therefore, i n  order to  increase  the  magnet iza t ion  of  a 
f l u i d  (at a cons tan t  v i scos i ty  level) it i s  des i r ab le  to  dec rease  6 and 
increase  D as much as poss ib le .  However, it will be reca l l ed  from s t a b i l i t y  
cons ide ra t ions  d i scussed  in  the  f i r s t  s ec t ion  tha t  t he re  i s  a minimum 
minimum increases  rap id ly  wi th  increas ing  D. 
1 value  of /D r e q u i r e d   t o   m a i n t a i n   p a r t i c l e   s t a b i l i t y  and t h a t   h i s  
The problem of preparing a f e r ro f lu id   w i th  a high magnetic moment 
reduces the following: 
1. Finding a solvent-surfactant system which r e s u l t s  i n  
as small a value  of 6 as poss ib le ,  and 
2. Preparing a f e r r o f l u i d  i n  t h i s  system i n  such a manner 
t h a t  o n l y  t h e  l a r g e s t  p a r t i c l e s  which are stable remain 
i n  suspension. The r e s u l t i n g  f e r r o f l u i d  presumably 
contains no small p a r t i c l e s  which would have an i n -  
e f f i c i e n t  r a t i o  of 6 /D and ev ident ly  no non-magnetic 
p a r t i c l e s .  
Choice of Systems. - Based on examination of the viscosity-magnetiz- 
a t i o n  d a t a  and p a r t i c l e  s i z e  d i s t r i b u t i o n  data, the kerosene base f l u i d s  
which exhib i ted  the  smal les t  s tab i l iz ing  layer  th ickness  were Tenlo 70 
s tab i l ized  suspens ions  for  which a value of 6 = 40 a was  determined. 
Most of t h e  work i n  t r y i n g  t o  i n c r e a s e  f l u i d  m a g n e t i z a t i o n  w a s  done w i t h  
kerosene-Tenlo 70-magnetite colloids. 
In  addi t ion ,  limited work was a l s o  done with HFPO hexamer achd 
s t ab i l i zed  d i spe r s ions  in  F reon  E-3 f o r  which a value of 6 = 30 A was 
found . 
Method of Decreasing 6 . - Since grinding i s  a random process which 
generates  par t ic les  with a d is t r ibu t ion  of  d iameters  and can a l s o  r e s u l t  
i n  non-magnetic occlusions due t o  wear of balls and/or mills, a 
b e n e f i c i a t i o n  s t e p  i s  needed t o  o b t a i n  improved f lu ids .  This  benef ic ia -  
t ion  opera t ion  has  to  separa te  the  des i rab le  la rge  magnet ic  par t ic les  
from smaller p a r t i c l e s  and from non-magnetic p a r t i c l e s  i r r e s p e c t i v e  o f  
s i z e .  The two classification techn3ques used were cent r i fuga t ion  and 
magnet ic  dialysis  which were already discussed. 
Tenlo 70-Kerosene Magnetite Systems. - The v i s c o s i t y  as a function of 
magnet izat ion for  different  Tenlo 70-kerosene magnet i te  base ferrof luids  
are presented  in  F igure  15.  Included are Fluids G44 and  1032, a l ready  
presented  in  F igure  13; Fluids  1068, 1069, 1070, 1071 which are the  feed  
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and product liquids of one, two and three s tage dialysis  experiments .  
Two indices were available t o  measure average  par t ic le  s ize  ML/MH and 
5 obtained from electron micro graphs These values are p resen ted  in  
Table 8. The v i scos i ty  of a f e r ro f lu id   i nc reases  more rap id ly  wi th  
saturat ion magnet izat ion as the  pa r t i c l e  s i ze  dec reases .  The most 
successful  a t tempt  at preparing a high magnet iza t ion  f lu id  wi th  th i s  
solvent/surfactant system were f l u i d s  1032 and 1071. The improved 
v i s c o s i t y  c h a r a c t e r i s t i c s  are due t o  a marked i n c r e a s e  i n  p a r t i c i e  s i z e  
~ 
over  the  o ther  f lu ids .  
Table 8 - VISCOSITY PARAMETERS FOR TENLO 70/KEROSENE/MAGNETITE SYSTEMS 
Fluid 
- 
D (from Fig. 
lo) 2 
K (con- 
vers ion)  
+ 
, gauss 
G44 
0.29 
118 
0.745 
4.91 
0.35 
41 
635 
854 
784 
7400 
1032 
0.42 
136 
0.75 
3.60 
0.27 
37 
746 
1000 
735 
102 
1068 
0.22 
100 
0.68 
6.56 
0.44 
44 
440 
5 90 
589 
7800 
1069 
0.24 
106 
0.70 
5 065 
0.39 
41 
520 
710 
730 
84000 
1070 
0.31 
120 
0.73 
4.80 
0.34 
41 
640 
860 
85 8 
39000 
1071 
0.34 
125 
0.71 
4.04 
0.30 
38 
740 
990 
850 
6600 
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Table 9 - VISCOSITY PARAMETERS FOR 
WPO HEXAMER ACID/FREON E-3/MAGNETITE  SYSTEBE 
Fluid 
ML/MH 
- 0 
D (from Fig. 10) A 
K (conversion) 
# 
6 / D  (from Eq. 17) 
S A  
0 
Mfi (fie = 0.745) 
M?($, - 1.00 
% (expt) gauss 
63 30 C P  '7 
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Values  of $' were  obtained  from t h e  v i s c o s i t y  data for  each  of 
t h e  f l u i d s .  A value of IJ, the  average par t ic le  diameter ,  w a s  obtained for 
each of  the f luids  from magnetization measurements ML and MH from t h e  
p l o t  i n  F i g u r e  10. Subs t i tu t ing  these  va lues  in to  Equat ion  17 allows 
t o  be  ca lcu la ted  in  each  case .  The method i s  d i f f e r e n t  and not as cor rec t  
as t h e  one described i n  t h e  p r e v i o u s  s e c t i o n  s i n c e  no account of p a r t i c l e  
s i z e  d i s t r i b u t i o n  i s  taken. It is, however, g r a t i f y i n g  t o  n o t e  t h a t  t h e  
value of 6 i s  e s s e n t i a l l y   t h e  same i n  a l l  cases.  
It i s  of i n t e r e s t  t o  compare the magnet izat ion of  the most concentrated 
fe r rof lu id  ac tua l ly  prepared  in  each  case ,  Mi, t o   t h e  most concentrated 
f e r ro f lu id  tha t  cou ld  be  theo re t i ca l ly  p repa red .  Th i s  maximum magnetization, 
%, occurs a t  when the  system becomes r i g i d  and it i s  no t   poss ib l e   t o  
incorporate more pa r t i c l e s  i n to  the  suspens ion .  % can  be  expressed as 
follows : 
One assumption i s  t h a t  t h e  f l u i d  becomes r i g i d  and rur ther  concentrat ion 
i s  not  poss ib le  once  the  par t ic les  have been achieved a hexagonal close 
packed  configuration: = 0.74. Call the  corresponding maximum magnetiz- 
deform o t h a t   t h e  system  can  approach a value  of = 1. Call t h e  
correspondlng value of maximum magnetization M w .  Calculated values of 
M* and M-)c?y. are also presented in  Table  8. ffn a l l  cases values of 
MA a r e  greater than  M$ and  approach . T h i s  f i n d i n g   i n d i c a t e s   t h a t   t h e  
s t a b i l i z i n g  l a y e r  around t h e  p a r t i c l e s  i s  deformable and in  concent ra ted  
systems  there i s  l i t t l e  f r e e  l i q u i d .  T h i s  deformation of p a r t i c l e s  
which occurs  during f low accounts  for  the non-Newtonian behavior observed 
at high concentrations and repor ted  in  F igure  14. 
ation 3 . Another  assumption is  to  cons ide r  t ha t  the solvated layer  can 
M M 
It i s  p o s s i b l e  t o  q u e s t i o n  t h e  v a l i d i t y  of Equation (19) s ince  the  
f l u i d s  do show evidence of non-Newtonian behavior. It i s  t o  be pointed 
out   that   in   these  systems,   while  '7 i s  a funct ion  of   shear   ra te ,   the  
value  of 77 s - 77 0 - 1 for a l l  obtained  values  of '7 i n   t h i s   r a n g e .  
Furthermore,  the character is t ie  funct ion of  @cy which i s  a coe f f i c i en t  
i n  Equation (lg), i s  e s s e n t i a l l y   i n v a r i a n t   f o r  a l l  values  of  greater 
than 0.70. A t  a value  of z = 1 of the  curves  in  F igure  1, It is  
p o s s i b l e  t o  c a l c u l a t e  t h e  maximum s i z e  of a p a r t i c l e  t h a t  i s  s t a b l e  f o r  
a g iven   s tab i l iz ing   layer   th ickness  6 . For 6 = 40 x, which corresponds 
t o  t h e  v a l u e  found f o r  Tenlo 70/kerosene system, t h e  c r i t i c a l  v a l u e  o f  
D i s  120 8. This i s  s l i g h t l y  less than  the  ave rage  pa r t i c l e  s i z e  found 
f o r  f l u i d  1032 ( 5  = 136 8) .  This l a rge r  expe r imen ta l  pa r t i c l e  s i ze  i s  
' 7s  
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i n t e r p r e t e d  t o  r e f l e c t  t h e  f a c t  t h a t  t h e  i n d i v i d u a l  p a r t i c l e s  are 
p a r t i a l l y  demagnetized wh4ch lowers the magnetic attraction between two 
spheres.  The r a t i o  [ y  i s  0.68 which  approaches the conversion 
K = 0.74 found f o r  1032. This  f ind ing  fur ther  sugges ts  tha t  it would 
b e  d i f f i c u l t  t o  o b t a i n  T e n l o  70 s t ab i l i zed  systems of greater particle 
s ize .   This   e t s   the   va lue   o f   o r  1032 as t h e  maximum l i m i t i n g  
magnetization of any kerosene produced t o  date. Magnetically stronger 
f l u i d s  would requi re  a smaller value of 6 
HFPO Hexamer Acid - Freon E-3 Magnetite Systems. - O f  t h e  f l u i d s  
prepared during the course of the present program, t h e  only surfactant-  
solvent system which r e s u l t e d  i n  a th inner  s tab i l iz ing  layer  than  Tenlo  
70/kerosene was t h e  HFPO hexamer acid/Freon E-3 system. The v iscos i ty-  
magnetization curve for t h i s  f l u i d  i s  presented in  Figure 16. This 
f l u i d  w a s  magnet ica l ly  d ia lyzed  to  yield a small quant i ty  of Fluid 1046 
whose viscosity/magnetization curve i s  also presented inoFigure 16. The 
value  of 6 for t h i s  system i s  s l i g h t l y  less than 30 A. This i s  25% 
less than t h e  value found wi th  t h e  HFPO decamer  system. There i s  not a 
one t o  one accord between s tabi l iz ing layer  thickness  and molecular  
weight of su r fac t an t .  This i s  most probably due to  the  p re sence  of 
Freon E-3 solvent molecules. The values of the different parameters of 
i n t e r e s t   f o r   t h e s e   f l u i d s  are presented   in   Table  9 .  From Figure 1 the  
maximum s i z e  p a r t i c l e  t h a t  c a n  be sta i l i e e d  b y  a value of 8 = 30 fi i s  
about lo5 8. For f l u i d  1046, a = 80 k . It i s  evident ,  therefore ,  t h a t  
t h e  full p o t e n t i a l  of t h i s  system has not been fully explored. Values 
of &~c=1000 gauss are possible  with this  system i f  sub jec t ed  to  
extensive separation and a value of K = 0.70 i s  obtained. 
Prel iminary resul ts  With higher HFPO acids  ind. icates  t h a t  6 increases  
w i t h  molecular weight for t h t s  system. 
The p o s s i b i l i t y  of prepa r ing  f e r ro f lu ids  wi th  smaller values of 6 i n  
Freon E-3 exists because there are lower molecular weight HFPO acids  
available which have not yet been used i n  t h e  g r i n d i n g  tests.  The 
minimum molecular weight needed t o  s t a b i l i z e  m a g n e t i t e  p a r t i c l e s  has not 
yet been determined. Th3.s could be done  by sys temat ica l ly  prepar ing  
grinds with HFPO pentamer acid, WPO tetramer acid,  HFPO trimer ac id ,  e t c .  
i n  Freon E-3 o r  a lower molecular weight homologue u n t i l  a system i s  
found t h a t  does  not  resu1.t i n  pep t i za t ion .  Th i s  sets the lower l i m i t  of 
6 and a l s o  t h e  maximum magnetization that  could be at ta ined.  
Viscosity of a F e r r o f l u i d  i n  a Magnetic Field 
The novelty of the magnetic fluid dispersions developed i s  t h a t  
t h e y   r e t a i n   t h e i r   l i q u i d   c h a r a c t e r i s t i c s   i n  an appl ied magnet ic  f ie ld .  
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No quan t i t a t ive  measure of t h e  e f f e c t  of a magnetic f i e l d  on suspension 
v i s c o s i t y  had been reported. Measurements of f l u i d  v i s c o s i t y  as a 
f'unction of applied magnetic f i e l d  and shear rates were made during the 
course of t h e  program. 
The experiments consisted i n  measuring the effect  of a v e r t i c a l  
magnetic f i e l d  on the  v iscos i ty  of  a t h i n  l a y e r  of ferrof luid sheared 
i n  a horizontal  direct ion without  any overal l  f luid displacement .  The 
viscosimeter used was the modified Wells-Brookfield cone/plate viscometer 
t h a t  was already described. ATter some preliminary low f i e l d  measurements 
a t  Avco, a f irst  s e r i e s  of measurements were made a t  the Francis  Bitter 
National Nagpet Laboratory of the Massachuset ts  Inst i tute  of Technology 
i n  Cambridge, Mass. These  nleasureements  were made with a va r i e ty  of 
f e r r o f l u i d s  a t  s h e a r  r a t e s  t h a t  were varied between ,035 and 230 s e c - l  and 
i n  magnet ic  f ie lds  a s  high as 21 k i lo-oers ted .  
An increase  in  suspens ion  v iscos i ty  was observed under certain 
conditions.  This  can be expressed as: 
where : 
'1 = v i scos i ty  of' the suspension in an applied magnetic 
f i e l d ,  H, poise  
7 = v i scos i ty  of the  suspension  in  the  absence of a 
magnetic field., poise 
I1 = v i scos i ty  of  t he   ca r r i e r   l i qu id ,   po i se  
Y = shea r   r a t e ,   s ee  - -1 
M = fluid  magnetization,  gauss 
The control l ing parameter  i s  t h e  d imens ionless  ra t io  of viscous 
s t r e s s  t o  magnetic s t r e s s .  
The above experiments and the dimensionless analysis approach used 
t o  c o r r e l a t e  t.he data a re  desc r ibed  in  more d e t a i l   i n  an a r t i c l e  accep ted  
for pu.blicatTon(ref.  29). The p r i n c i p a l  r e s u l t s  are p resen ted  in  F ig ; r e  17 
where 77 H/ 77 i s  p lo t ted   aga ins t  Tq o . Frorn t h i s   f i g u r e  i t  was 
concluded that  there  are  three ranges:  
M H  
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OF A MAGNETIC FLUID 
< M H  r q o  < 10-7 Viscos i ty  i s  constant a t  maximum value, 
10-7< rtlo < 10-5 Viscos i ty  i s  dependent on 
N H  f i e l d  and  shear  rat ,  
Viscos i ty  i s  constant a t  
minimum value 
Further measurements were made a t  higher fields (as high as 75 Koe ) 
i n   o r d e r   t o   o b t a i n   d a t a   i n   t h e   r e g i o n  9 o < 10-7. These  were made 
with products of grind H-1 (Tenlo 70 - kerosene-magnetite) i n  which t h e  
par t ic le  concent ra t ion  was v a r i e d   t o   a t t a i n  a t e n - f o l d  v a r i a t i o n  i n  M 
and t h e  c a r r i e r  l i q u i d  w a s  var ied  (kerosene ,  minera l  o i l ,  s i l i cone  L43) t o  
a t t a i n  a v a r i a t i o n  of c a r r i e r  l i q u i d  v i s c o s i t y  of over three orders of 
magni tude .  Di f f icu l t ies  in  obta in ing  da ta  at h i g h  f i e l d s  i n  t h e  air  
solenoid were encountered because of the presence of horizontal gradients 
which tended to push t h e   f l u i d  away from the sensing head o f  the instrument.  
Fluid migration could be control led by inser t ing an i ron cyl inder  under-  
neath the viscosimeter which would c o n c e n t r a t e  t h e  f i e l d  i n  t h e  center.  
M H  
With concentrated dispers ions there  was t h e  a d d i t i o n a l  problem of 
spike formation a t  h igh  f i e lds .  In s t ead  of having a uniform layer of l i q u i d  
t h e  f l u i d  would co l l ec t  i n to  d i sc re t e  cone - l ike  s t ruc tu res  ( r e f .  5 ) .  Very 
h i g h  f i e l d  measurements were taken only with dilute fluids (MH <120 gauss).  
The reduced data from these  measurements a re  a l so  presented  in  F igure  
17. They e s s e n t i a l l y  a l l  f a l l  on t h e  same curve. The t r a n s i t i o n  of f l u i d  
v i s c o s i t y  t o  a shea r  r a t e  and f i e l d  dependent regime occurs a t  a value of 
r q o  of  about lom6 which i s  one order  of  magnitude  lower  than  the  value 
previously reported.  Even though  measurements  were made a t  values of 
"0 -IO-*, values  of ' __c 4 were not  obtained. 
M H  
It appears, upon re-examining the data presented in Figure 17, t h a t  
t h e r e  i s  an additional parameter that w a s  not  previously included in  the 
dimensionless  analysis.  This i s  the   d imens ionless   ra t io  6 / D  where 6 
i s  the thickness  of  the solvated s tabi l iz ing sheath around a p a r t i c l e  and 
D i s  the diameter of the magnetic core. The hydrodynamic p rope r t i e s  of a 
p a r t i c l e  will depend on i t s  o v e r a l l  volume, which i s  a function of D and 
6 , whereas the magnetic properties of a p a r t i c l e  a r e  a func t ion  of 
D alone. 
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Values of 6 /D obtained for each of t h e  f l u i d s  from v i scos i ty  da t a  
and Equations (17) and (lg), are a lso  presented  for  each  of  the  f lu ids  in  
Figure 17. . The d a t a  i n d i c a t e  t h a t  as t h e  r a t i o  6 /D increases ,  a smaller 
value  of yrlo i s  needed t o  cause a given  increase  in  rl H . The 
M H  
v iscos i ty  of  a magnetic f l u i d  becomes less sensit ive to an applSed magnetic 
f ie ld  as 6 / D  increases .  
"
V S  
are based on t h e  best data ava i l ab le  data. They inglude the range of 
t h e  values of 6 /D of i n t e r e s t .  There i s  a lower limit of 6 /D > 0.2 
because of t he  pa r t i c l e - to -pa r t i c l e  i n t e rac t ions  d i scussed  in  F igu re  1 
and the  empir ica l  knowledge as t o   t h e  minimum th i ckness  o f  t he  s t ab i l i z ing  
s h e l l  t h a t  can  be  developed.  There i s  no theoret ical  upper  l i m i t  t o  &/D. 
However, s ince the saturat ion magnet izat ion of the suspension decreases 
as a cubic  function  of b/D, t he re  i s  l i t t l e  i n t e r e s t  i n  systems  for 
which 6 /D > 0.5.  
' I  
These r e su l t s   i nd ica t e   t ha t   t he   va lue  of o a t  which there  i s  
a t r a n s i t i o n  from a cons tan t  v i scos i ty  term t o  one which i s  shear rate and 
f i e l d  dependent decreases with decreasing b /D. The range of values of 
'fr) o over which 1 H i s  shea r   r a t e  and f i e l d  dependent a l s o  
increases  with decreasing 6 / D .  The values y rl o < f o r   t h e  
t rans i t ion  range  i s  c h a r a c t e r i s t i c  of most ferrof luids  prepared,  which 
t y p i c a l l y  have a value  of 6 /D z 0.35. 
K H  
M H  r l s  
M H  
DIELFCTRIC CONSTANT OF FERROFLUIDS 
The d i e l e c t r i c  p r o p e r t i e s  of a f e r r o f l u i d  become of importance i n  
electro-mechanical applications such as i n e r t i a l  s e n s o r s .  
Die lec t r ic  cons tan t  was  measured for  severa l  fe r rof lu id  sys tems us ing  
an a x i s y m e t r i c  p r o j e c t e d  f i e l d  capacitance probe. The e f f o r t  was divided 
i n t o  f o u r  p a r t s ,  
1. Probe cal ibrat ion  using  s tandard  l iquids ,  
2. The measurement of d i e l ec t r i c  cons t an t  of surfactant 
solvent systems used i n  f e r r o f l u i d s ,  
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Figure 18 EFFECT OF 8/D ON THE VISCOSITY OF A MAGNETIC FLUID IN A 
MAGNETIC FIELD 
3. A s tudy  of  the  d ie lec t r ic  cons tan t  fe r rof lu id  sys tem 
with varying solids concentration, 
4. The s tudy of  dielectr ic  constant  under  the inf luence 
of an appl ied magnet ic  f ie ld .  
Apparatus. - An axisymmetric projected f ie ld  probe with a 2-inch 
diameter  act ive face area, and an e f fec t ive  dep th  o f  f i e ld  of 0 .1  inches 
was used. A sample cup was made by covering the open bottom of g l a s s  
r ing  2- inches  ins ide  diameter and 1-inch high with Saran Wrap. The 
Saran Wrap was he ld  in  p lace  wi th  a rubber band around the ring. The 
presence of the sample cup in  the  probe  f ie ld  had  negl ig ib le  inf luence  
on the probe capacitance. The re la t ive  capac i tance ,  was  obtained on a 
General Radio Automatic Capacitance Bridge, a t  400 and 1000 Hz, and 
converted to  d ie lec t r ic  cons tan t  us ing  the  ca l ibra t ion  curves  d iscussed  
below. 
Probe Calibration. - The configuration of the probe dsed i s  r a t h e r  
complex s o  s imple  ca l ib ra t ion  f ac to r s  are app l i ed  to  ob ta in  the  t rue  va lues  
o f  t he  d i e l ec t r i c  cons t an t .  To ca l ibra te  the  probe ,  the  re la t ive  capac i -  
tance of severa l  s tandard  l iqu ids  was measured a t  1000 Hz and 400 Hz. The 
measurements f o r  s e v e r a l  l i q u i d s  w a s  repor ted  in  F igure  19. No attempt 
was made t o  de te rmine  the  pur i ty  of t h e  samples; perhaps t h i s  i s  the reason 
for t h e  s c a t t e r  o f  data. The s t a t i c  d a t a  was  obtained from NBS c i r c u l a r  
415, ( r e f .  3 0 )  t h e  data a t  1 KHz from von Hippel  ( re f .  31). 
The cal ibrat ion reported here  does not  s t r ic t ly  apply for  magnet ic  
d ie lec t r ics  s ince  the  probe  ac tua l ly  responds  to  the  complex impedence of 
t he  f lu id .  Fu r the r  measurements a r e  needed to  uniquely determine the 
values  of  the real  and imaginary par ts  of  the dielectr ic  constant  and 
permeabili ty.  
Surfactant-Solvent  Systems. - Three  systems  were  studied.  In  the 
f irst  system, t h e  s u r f a c t a n t  was o l e i c  a c i d  and the solvent  was  kerosene. 
I n   t h i s  system the surfactant  concentrat ion var ied from 0 t o  100% by 
weight of o l e i c  a c i d .  The d i e l ec t r i c  cons t an t  was 2.9 + 0 . 1  over  the  en t i re  
range of concentration. For the second system, the sur7actant was ENJAY 
3854 and the solvent xylene.  The surfactant  concentrat ion varied from 0 
t o  50% by weight ENJAY 3854. The d i e l ec t r i c  cons t an t  was 2.6 + 0.3 over 
the  range  of  concentration. For t h e  t h i r d  system,  the  surfacFant was 
Tenlo 70, the  solvent  kerosene.  The concentration varied from 0 t o  100% 
by weight Tenlo 70. I n  t h i s  system the  d i e l ec t r i c  cons t an t  changed  by 
nea r ly  2 orders of magnitude. For a 0.3% so lu t ion  the  d i e l ec t r i c  cons t an t  
was  2, f o r  a 1.0% s o l u t i o n  t h e  d i e l e c t r i c  c o n s t a n t  was 120. The d i e l e c t r i c  
constant of 100% Tenlo 70 was 60. 
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Ferrofluid Systems. - Two ferrof luid systems were s tudied,  In  both 
cases the solvent  was kerosene .  In  the  f i rs t  case  the  sur fac tan t  was o l e i c  
ac id  fG72); Tc?. t h e  second case the surfactant was Tenlo 70 (HI.). For both 
systems the dielectr ic  constant  appeared to  be a function of the volume 
percent  of  to ta l  so l ids  present ,  as seen i n  Figure 20. The d i e l e c t r i c  
constant  increases  rapidly from zero loading, a d i e l ec t r i c  cons t an t  of 
2 corresponding t o  kerosene t o  about 50 with a 4% sol ids  loading.  As t h e  
loading i s  fur ther  increased,  the dielectr ic  constant  approaches that  of  
the magnetite powder. A d i e l ec t r i c  cons t an t  of 15 was measured f o r  a 
sample  of  compacted  magnetite  powder. It i s  supposed t h a t  f o r  t h e  system 
H1 containing Tenlo 70 t h e  amount of free Tenlo 70 i n  s o l u t i o n  must be 
much less than 1% s ince  the  d ie lec t r ic  cons tan t  does  not  reach  the  va lue  
of 120 i n   t h i s  system. 
To fur ther  explore  the general i ty  of  the relat ionship of  Figure 20 
the  d ie lec t r ic  cons tan ts  of a va r i e ty  of f e r ro f lu ids  were  measured.  Systems 
containing oleic  acid in  decane,  and f luorocarbon surfactant  in  a f luoro-  
carbon carr ier  fol low the same dependency as by the kerosene systems. 
It i s  worth noting t h a t  t he  loss tangent of the ferrofluid systems 
was an order of magnitude greater than for kerosene. 
Magnetic Field. - An attempt was  made t o  measure the  d i e l ec t r i c  cons t an t  
of fe r rof lu ids  in  the  presence  of  a magnetic f i e l d .  A d i f f i c u l t y  was 
deformation of  the free  ferrof luid surface in  the presence of the magnetic 
f i e l d .  The deformations were minimized by using weak f ie lds .  In  a l l  t h e  
observed cases increase of dielectric constant was l e s s  t han  5%. 
For a magnetic f ie ld  perpendicular  to  the  l iqu id  sur face ,  a f i e l d  of 
1 .4  k i lo-oers ted  was used for  a 100 gauss  f luid (G72). The d i e l e c t r i c  
constant increased by 2%. For a 310 gauss  f luid (G72) t h e  f i e l d  was 
l i m i t e d  t o  0.30 kilo-oers teds to  avoid spike formation,  the dielectr ic  
constant increased by 3%. 
For a magnetic f i e l d  p a r a l l e l  t o  t h e  l i q u i d  s u r f a c e  f o r  a f e r r o f l u i d  
of 40 gauss (G72) t h e  f i e l d  was 4..3 ki lo-oers ted ;  the  increase  of  d ie lec t r ic  
constant was 5%. For  s t ronger  f lu ids  the  f ree  f lu id  sur face  deformed under 
the inf luence of  f i e ld  non-uniformities,  thus for 340 gauss  f luid ((372) 
a f i e l d  of 0.4 ki lo-oers ted was used;  the dielectr ic  constant  increased by 
1%. 
Thus it is  seen that the presence of the magnetic f i e ld  resu l t s  on ly  
i n  a minor inc rease  in  d i e l ec t r i c  cons t an t .  To extend the range of t h e  
measurements c l o s e d  f l u i d  sample holders could be employed t o  a l low the 
use of high magnetic fields without affecting the sample geometry. 
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V O L U M E   P E R C E N T   S O L I D S  
Figure 20 DIELECTRIC CONSTANT OF FERROFLUID SYSTEMS AT 1 KHZ 
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THERMALLY  STABLF:  FERROFLUIDS 
Thermal Tes t ing  of Different  Ferrof luids  Prepared Under Program 
Introduction. - Al the  f e r ro f lu ids  p repa red  be fo re  the  fn i t i a t ion  
of the  present  program had severe temperature limitations. The b e s t  f l u i d  
prepared then f locculated when hea ted  to  a temperature of 140OC. Many 
appl ica t ions ,  and e spec ia l ly  ene ra  conve r s ion ,  r equ i r e  a f l u i d  t h a t  
r ema ins  s t ab le  to  a t  least 14OoC and preferably over a much wider range of 
temperature  such as -4Ooc t o  3OOOC. 
The s tab i l i ty  of  the  fe r romagnet ic  co l lo ida l  d i spers ions  i s  due t o  t h e  
presence of an adsorbed surfactant a t  the  su r face  of t h e  p a r t i c l e s  i n  
suspension which r e s u l t s  i n  t h e  f o r m a t i o n  of a s t a b i l i z i n g  l a y e r .  High 
temperature induced flocculation of t h e  s o l  i s  believed due to  deso rp t ion  
of t h e  s u r f a c t a n t  a t  elevated temperature due to increased thermal motion 
or t o  d i s r u p t i o n  of t h e  s t a b i l i z i n g  f i l m .  Higher  temperature  s tabi l i ty  
should be obtained with either a molecule that bonds more f i r m l y  t o  t h e  
sur face  of  the  par t ic les  or by preventing molecules from l eav ing  the  su r face  
even i f  desorption occurs.  
Experimental Methods and Results. - A number of t h e  many d i f f e r e n t  f e r r o -  
f luids  prepared during the course of  the present  phase of  the program were 
subjected to  extensive exposure to  high temperatures .  
These tests are a continuation of t he  the rma l  t e s t ing  program i n i t i a t e d  
i n  Phase I.  In  add i t ion  to  the  v i sua l  obse rva t ions  tha t  were recorded i n  
Phase I, attempts were made t o  o b t a i n  more quan t i t a t ive  measures of f l u i d  
s t a b i l i t y .  Where t h e r e  were  no very  dras t ic  phys ica l  changes  (such as 
extensive separat ion or gel la t ion) ,  saturat ion magnet izat ion and/or  viscosi ty  
measurements on t h e  f l u i d  samples a t  room temperature, were performed 
on the  fe r rof lu id  samples  before  and a f t e r  t h e  i n d i v i d u a l  tes ts .  
A l i s t  of a l l  t h e  materials exposed t o  t h e r m a l  t e s t i n g  i s  presented  in  
Tablelo.   This   table  l i s t s  code  numbers, o r ig ina l  g r ind  numbers (where 
appl icable) ,  the solvent  and the surfactant  used.  Al t h e  f e r r o f l u i d s  
used were magnetite suspensions. 
I n  t h e s e  tests, samples of ferrofluids were s e a l e d  i n  g l a s s  ampoules 
which  were then heated a t  temperature for a given period of time. Three 
se r i e s  o f  tests were performed by immersing ampoules i n  an o i l   b a t h  
maintained at tes t  temperature. Test conditions were: 
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Table 18 - MATERIALS  UBJECTED TO THERMAL TESTING 
Iden t i f i ca t ion  
Code 
1005 
1011 
1020 
1030 
1035 
1038 
1041 
&OB 
G96 
G l O l  
G103 
G10 5 
~ 1 1 8  
Gll9 
Original Grind 
Number 
G5 8 
G80 
G77 
G64 
(396 
G80 
G96 
G l O l  
G103 
Gl05 
~ 1 1 8  
~ 1 1 9  
Carrier 
L i  quid 
Kerosene 
Glycerol 
Kerosene 
Tetrahydro, 
naphthalenc 
L43 
Dinonyl- 
ph tha la te  
Lube o i l  
Water 
Kerosene 
Kerosene 
Kerosene 
Kerosene 
E-3 Freon 
E-3 Freon 
S tab i l i z ing  Agent 
Oleic acid 
Tamol 731 
Tenlo 70 
Oleic acid 
Tenlo 70 
Tri ton  X45 
ENJAY 3854 
Tamol 731 
ENJAY 3854 
ENJAY 3854 
Octadecyl alcohol 
Tri ton X35 
HFPO decamer ac id  
HFPO hexamer acid 
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Test N o .  1 
Test No. 2 
Temperature Time -
123OC 554 hours 
15OoC 1080 hours 
Test No. 3 186 '~ 340 hours 
Subsequent t e s t i n g  a t  260oc (5OOOF) f o r  160  hours  and 3 1 5 O C  ( 6 0 0 0 ~ )  f o r  
24 hours on one f e r r o f l u i d  t h a t  s u r v i v e d  a t  186Oc was carried out by 
placing heavy walled ampoules (due t o  p r e s s u r e  b u i l d  u p )  i n  a tubular  
e l ec t r i c  fu rnace  where temperature cculd be maintained t o  w i t h i n  1OOC.  
These tests minimized or eliminated problems associated with 
evaporation of solvent and/or surfactant or r eac t ion  of so lvent / sur fac tan t  
with a i r  a t  temperature  under t e s t .  Some appl ica t ions ,  however, r equ i r e  
f l u i d s  exposed t o  a i r  a t  elevated temperatures.  Some samples,in tes t  
tubes open t o  atmosphere, were a l s o  immersed i n  t h e  h e a t i n g  b a t h  Yor 
different  per iods of  t ime.  
Development ~ ~~ of^ a Thermally  Stable  Ferrofluid.  - The f ind ings  of t h e  
the rma l  t e s t s  performed can be summarized by s ta t ing  tha t  on ly  kerosene  
base  fe r rof lu ids  s tab i l ized  wi th  ENJAY 3854 su r fac t an t  are s t a b l e  when 
exposed t o  prolonged heating a t  temperatures of 150°C or more. A l l  t h e  
o t h e r  f l u i d s  t e s t e d  d r a s t i c a l l y  changed p rope r t i e s .  The r e s u l t s  are 
summarized i n  Table 11. 
In sealed systems, samples of products from grinds ~ 9 6  and GlOl 
e s s e n t i a l l y  remained unchanged a f t e r  exposure  to  1 5 O o C  for over 1000 hours 
or 186'~ f o r  340 hours or 162 hours a t  2 6 0 0 ~ ~  bu t  f loccu la t ed  a f t e r  
24 hours a t  3 1 5 O C .  
I n  open tube experiments,  f luid 1041 which w a s  obtained by vacuum 
evaporation of f l u i d  ~ 9 6  u n t i l  no further observable evaporation occurred, 
l o s t  weight continuously but a t  a decreas ing  ra te .  Tne weight l o s s  which 
was  about 8% per 100 hours a t  t h e  start  decreased t o  about a t h i r d  of 
t h i s  va lue  a t  t h e  end  of t h e  t e s t .  T h i s  can  be  accounted f o r  i n i t i a l l y  
by loss of kerosene at t h e  start of t h e  tes t  s ince  a l l  these  compounds 
have a f i n i t e  vapor pressure. The important f inding i s  t h a t  f l o c c u l a t i o n  
did not  occur  so that  from a c o l l o i d a l  p o i n t  of view the system remained 
s t a b l e .  These systems therefore  sat isfy one of the major objectives of 
t h e  program. 
ENJAY 3854 i s  one of a ser ies  of  s tab i l iz ing  agents  deve loped  by  the  
ENJAY Chemical Company, a subs id ia ry  of the Standard O i l  Company of 
New Jersey, as add i t ives  for automobi le  lubr ica t ing  o i l s .  F ine ly  d iv ided  
lead oxide and carbon are by-products of t h e  combustion of leaded gasoline 
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Table 11 - EFFECT OF TEMPERATURE ON TKE  STABILITY  OF  FERROFLUIDS 
Test No. 
Test  Temperacure 
0 C 
~~ 
Exposure Time, 
Hrs . 
Fluid 
1005 
1011 
1020 
1030 
1035 
1038 
&OB 
G96 
G l O l  
G103 
G105 
~ 1 1 8  
Gllg 
S = Stable 
U = Unstable 
NT 
G 
S 
NT 
S 
G 
G 
S 
NT 
S 
G 
S 
S 
~-  
2 
" . 
150 
1080 
U 
m 
U 
U 
U '  
G 
m 
S 
S 
S 
U 
NT 
NT 
NT = Not Tested 
G = Gel 
340 
U 
NT 
U 
NT 
U 
NT 
NT 
S 
S 
U 
U 
U. 
U 
~ 
4 
." ~~ . ~. 
260 
" 
160 
NT 
NT 
NT 
NT 
NT 
NT 
NT 
S 
S 
NT 
NT 
NT 
rn 
5 
315 
. .. 
24 
NT 
NT 
NT 
m 
NT 
NT 
NT 
U 
U 
NT 
NT 
NT 
m 
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i n  automotive engines.  These particles are removed from the  cy l inders  
by t h e  l u b r i c a t i n g  o i l  and maintained i n  suspension by this  addi t ive.  It 
i s  c l a i m e d  t h a t  c o l l o i d a l  d i s p e r s i o n s  i n  l u b r i c a t i n g  o i l  w i l l  be s t a b l e  
t o  temperatures as h i& as 300°C. These materials a re  desc r ibed  in  the  
p a t e n t  l i t e r a t u r e  (ref.  17, 18). These materials are derived  from  polybutene 
polymers containing from 500 t o  1000 carbon atoms t o  which r eac t ive  
polar groups such as carboxylic or amine  groups  have  been added. The high 
t empera tu re  s t ab i l i t y  o f  t he  f e r ro f lu ids  made with these dispersants  i s  
due t o  t h e  polymeric  nature  of  the surfactant .  The molecule cannot only 
wrap i tself  a round the  par t ic le  bu t  a t  t h e  same time, the  po la r  groups 
spaced on i t s  polymeric backbone, can bond simultaneously with the particle 
sur face .  This  lead  to  a more s table  configurat ion than the formation of  
a s t ab i l i z ing  l aye r  by  many lower molecular weight molecules, any one of 
which i s  not  res t ra ined  from leaving the surface by the presence of  
adjacent molecules. It i s  in te reBt ing  to  poin t  ou t  tha t  on a p a r t i c l e  w i t h  
a surface area of 100 8 ( D  N- 60 A )  approximately 50 oleic acid molecules 
would be adsorbed. s ince  the  c ross -sec t iona l  area of an adsorbed molecule 
i n  a head t o  t a i l  configurat ion is  about 20 8 . A t  t h e  same time, the 
r a t i o  of molecular weights of t h e  ac t ive  ing red ien t  i n  ENJAY 3854 t o  tha t  
of o l e i c  ac id  i s  about 50 as wel l .  It i s  qu i t e  l i ke ly ,  t he re fo re ,  t ha t  
each  par t ic le  in  suspens ion  in  the  layer  sys tem i s  coated with one 
s tabi l iz ing agent  molecule .  
2 
2 
The preparation of a thermally stable f e r r o f l u i d  by adsorption of a 
polymeric molecule i s  similar i n  concept t o  the or iginal  proposal  of  
preparing a thermally stable ferrof luid by surface polymerizat ion of 
monomer molecules already adsorbed on the  pa r t i c l e  su r face .  A s  r epor t ed  in  
a previous memorandum, ( r e f .  3 2 )  sulfur monochloride or su l fu r  d i ch lo r ide  was 
added t o  kerosene base ferrof luid s tabi l ized by a mul t i -unsa tura ted  fa t ty  
acid such as l i n o l e i c  a c i d  or l inoleinic  acid.  Addit ion of su l fur  ch lor ides  
always resu l ted  in  f loccula t ion  of  the  par t ic les  in  suspens ion .  There  i s  
evidence to  bel ieve that  while  surface polymerizat ion occurred,  as was 
desired,  the resul t ing polymeric  sheath was not  solvated by the carr ier  
which l e d  t o  f l o c c u l a t i o n .  
CONCLUSIONS 
1. Novel ferrofluids have been synthesized which have the 
fo l lowing  pr inc ipa l  charac te r i s t ics :  
a. Higher  concentration  of  magnetic  olloid. This 
r e s u l t s  i n  f e r r o f l u i d  w i t h  a h igher  sa tura t ion  
magnetization and improved viscosity-magnetization 
cha rac t e r i s t i c s .  
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b .  S t a b i l i t y  a t  temperatures as high as 500°F. 
c.   Incorporat ion i n  l iquids   such as water, glycol, 
e s t e r s  and  fluorocarbons. T h i s  results i n  
f e r r o f l u i d s  which have a wide v a r i e t y  of 
p rope r t i e s .  
2 .  The p r inc ipa l  phys i ca l  p rope r t i e s  of a number of f e r r o f l u i d s  
have  been  measured  and co r re l a t ed .  The e f f e c t s  o f  domain 
magnetization of t h e  suspended c o l l o i d ,  p a r t i c l e  s i z e ,  
par t ic le  concent ra t ion ,  appl ied  magnet ic  f ie ld  and temper- 
ature on the magnetization of a f e r r o f l u i d  have been 
measured and were found t o  be consistent with superpara- 
magnetic theory. 
The v i s c o s i t y  of ferrof luids  has  been measured over a 
range of f l u i d  p r o p e r t i e s ,  s h e a r  r a t e s  and magnetic 
f i e l d s .  These r e s u l t s  have  been correlated by.physica1 
models  and dimensionless analysis.  
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SYMBOLS 
a acce lera t ion ,  cm/sec-2 
b cen te r   t o   cen te r   pa r t i c l e   d i s t ance ,  cm 
g acce lera t ion  of grav i ty  = 981 cm/sec'2 
h relative surface  separat ion 
k Boltzmann's  Constant = 1.38 x erg/OK 
n  number o f   pa r t i c l e s   pe r   un i t  volume 
P magnetic moment p e r   p a r t i c l e  
t t ime,   s c  ; temperature, OC 
V p a r t i c l e  volume, em 3 
z 
C 
D 
Dc 
s t a b i l i t y  c r i t e r i o n  for magnetic colloid 
Van der  Waals a t t r ac t ion   cons t an t  M e r g  
angstrom unit 
constant 
par t ic le  diameter  
c r i t i c a l  p a r t i c l e  d i a m e t e r  
average par t ic le  diameter  
a r i thmet ic  number average par t ic le  diameter  
ar i thmetic  length average par t ic le  diameter  
- 
DSA ar i thmetic   surface  average  par t ic le   diameter  
DNG geometric number average  par t ic le   diameter  
- 
EL London energy  of  in te rpar t ic le  a t t rac t ion  
magnetic energy of i n t e r p a r t i c l e  a t t r a c t i o n  
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SM 
T 
U 
V 
Y 
Z 
Y 
s 
- 
f D  
E M 
entropic  energy  of  interparticle  repulsion 
applied  magnetic  field 
magnetic  conversion of colloid 
grinding  rate  constant 
magnetization 
domain  magnetization 
high  field  magnetization 
low field  magnetization 
ultimate  saturation  magnetization  of  a  ferrofluid 
as  viscosity- co 
saturation  magnetization  of  a  ferrofluid 
rate of particle  sedimentation  due  to  gravitational 
forces 
rate  of  particle  sedimentation  due  to  magnetic 
forces 
absolute  temperature 
particle  energy 
average  particle  volume 
unit  dimension 
fractional  conversion of colloid 
shear  rate 
stabilizing  film  thickness 
volume  fraction  solids  in  suspension  from  density 
measurements 
volume  fraction  solids  in  suspension  from 
magnetization  measurements 
90 
’7 
’7H 
P 
pL 
v i scos i ty  
c a r r i e r  l i q u i d  v i s c o s i t y  
co l lo id  v i scos i ty  
magnet ic  co l lo id  v iscos i ty  in  a magnet ic  f ie ld  H 
micron = 1 micrometer 
thickness  of non-magnetic mantle around a p a r t i c l e  
co l lo id  dens i ty  
co re  pa r t i c l e  dens i ty  
c a r r i e r  l i q u i d  d e n s i t y  
l iqu id  phase  dens i ty  
geometric standard deviation 
volume f rac t ion  so lva ted  so l ids  
c r i t i c a l  volume f rac t ion  so lva ted  so l ids  which r e s u l t s  
i n  a suspension of co v i scos i ty  
r a t i o  of solvated volume t o  c o r e  volume 
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